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journals. The thesis is divided into three parts:  The first part provides the introduction 
to the research project, an outline of the research objectives and the geological setting 
of the main study area (Chapters 1 and 2). Part two of the thesis contains the main 
research results, which are presented in three scientific papers (Chapters 3, 4 and 5). 
The first two papers have already been published in the journals of Basin Research 
and Geomorphology. The third paper is prepared to be submitted to the journal of 
Earth and Planetary Science Letters. The main findings from these papers are 
summarised and synthesised in part three of the thesis, where also prospects for future 
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scientific journals, the template of literature references and figures varies between 
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The overall objective of this project is to improve our understanding of the interplay 
between surface processes and tectonics in active continental rifts, based on the central 
part of the Italian Apennines. Three key aspects are investigated: 
i) The impact of dynamic mantle-induced surface uplift on normal fault 
activity and topographic development in active continental rifts. 
ii) The evolution of drainage networks in response to extensional faulting and 
regional uplift and the main controlling mechanisms. 
iii) The impact of drainage network evolution on sediment dispersal, basin 
stratigraphy and transient landscape evolution. 
These three aspects are investigated through a combined field and numerical 
modelling approach. This approach allows for the direct use of field data for 
constraining numerical models, as well the direct testing of model-based findings. 
Synthesised published basin stratigraphic, fault slip and geomorphic data together with 
new geomorphic and sedimentological fieldwork provide high quality and detailed 
datasets of stratigraphic and landscape evolution in the central Apennines.  
Regional drainage network evolution in the central Apennines is primarily controlled 
by the balance between the rates of filling and subsidence of normal fault-bounded 
basins. Basin filling occurs through the supply of sediment and water, whereas basin 
subsidence is mainly controlled by slip on the main basin-bounding normal fault. 
Drainage integration occurs when initially underfilled, endorheic basins become 
overfilled with sediment and water allowing basins to overspill. Because basin 
overspill, in turn, allows water and sediment to cascade downstream to adjacent basins 
where it can trigger a next drainage integration event, drainage integration 
predominantly follows a top-down pattern. Furthermore, drainage integration acts as a 
first-order control on basin stratigraphy and geomorphic development in the central 
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Apennines, and produces a highly dynamic landscape evolution with transient 
conditions that can persist in the landscape for several millions of years.  
Two-dimensional thermo-mechanical modelling results demonstrate how the removal 
of mantle lithosphere leads to regional surface uplift and the localisation of extensional 
strain in the area of high topography. This is because the upwelling of hot buoyant 
sub-lithospheric mantle within the lithospheric gap causes both isostatic surface uplift 
and considerable weakening of the crust. Pre-defined (inherited) fault structures in this 
area of uplift and weakened crust become activated if the area is subject to a low rate 
of far-field extension. Faults interact, causing the locus of fault activity to migrate 
across-strike, and fault slip rates to vary markedly over 104-105 year timescales. 
Overall, these experiments show that mantle lithosphere removal can explain many 
first-order characteristics of the central Apennines, such as the correlation between 
fault strain rates, topography and surface uplift, enhanced surface heat fluxes, negative 







How do erosion and deposition contribute to the topography of actively evolving 
continental rifts? These types of questions concerning the interaction between surface 
processes and tectonics have intrigued many earth-scientists over the last couple of 
decades. The interest follows from a scientific revolution during the eighties and 
nineties of last century, which led to the new insight that surface processes can 
profoundly affect the structural evolution of tectonically active areas through the 
redistribution of mass and, in turn, modification of the stress state of the crust (see 
historical review by Merrits and Ellis, 1994). The large number of new insights that 
have been gained since the onset of this scientific revolution forced us to consider 
tectonically active areas as systems in which tectonic forcing, surface processes, but 
also climate feedback on one another (e.g., Molnar and England, 1990; Beaumont et 
al., 1992, 1999; Burov and Cloetingh, 1997; Pinter and Brandon, 1997; Burbank and 
Pinter, 1999; Willett, 1999). This thesis is also concerned with the interplay between 
surface processes and tectonics, and focuses on the evolution of elevated 
(mountainous) continental areas that are affected by active extensional faulting (Fig. 
1.1).  
There is special need for combined field-numerical modelling studies focussing on 
natural systems for which good constraints exist on both fault development and 
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geomorphic-stratigraphic evolution (Gupta and Cowie, 2000; Tucker and Hancock 
2010; Briant et al., 2018). Such a combined field-numerical modelling approach 
enables the direct application of field data in numerical models, on one hand, as well 
as the direct testing of model-based findings in the tectonic, geomorphic, and 
stratigraphic record. One elevated continental rift for which a wealth of data exists on 
fault activity, basin stratigraphy, and geomorphological evolution is the central part of 
the Italian Apennines that has been the main motivation for this project (Figs. 1.2-1.4). 
This area has been used as study area and template, respectively, in the different field-
based and numerical modelling studies presented in this thesis. 
Improving our understanding of continental rift evolution is, first of all, important for 
advancing our still limited understanding of the early stages of continental rifting in 
run-up to continental break-up, as well as extension resulting from complex mantle 
dynamics in subduction (back-arc) settings (Gawthorpe and Leeder, 2000). Secondly, 
rift basins are increasingly receiving interest because of their high preservation 
potential for environmental and climatic records. Thirdly, rift basin studies are 
important in light of their storage capacity for economic hydrocarbon reserves as well 
as their potential for the future storage of green house gasses. Finally, as seismic 
hazard in many densely populated areas worldwide is controlled by normal fault 
activity, a better understanding of long-term fault development is crucial for 






There are many regions around the globe that are currently affected by active crustal 
extension (Fig. 1.2). However, all these active continental rifts vary markedly with 
regard to many factors like their onset of rifting, tectonic setting, fault development, 
topography, stratigraphic evolution, and dimensions. Compared to most of the other 
extensional basins shown in Fig. 1.2, the central Apennines is one of the narrowest and 
youngest continental rifts as extension only commenced ~3 Myr. A notable 
characteristic of the central Apennines is the combination of active normal faulting (~3 
mm/yr), high topography (<2900 m; Fig. 1.4) and rapid regional (dome-shaped) uplift 
(<1-2 mm/yr; D’Anastasio et al., 2006; Serpelloni et al., 2013). Strong evidence exists 
that the elevated topography in this area is supported by buoyancy variations in the 
upper mantle (e.g., D’Agostino et al., 2001; Faccenna et al., 2014). Because of the 
strong correlation between topography, surface uplift, and upper crustal strain rates, it 
has been hypothesised that not only topography, but also extension and regional uplift 
are all driven by the same underlying mechanisms related to upper mantle dynamics 
(e.g., D’Agostino and McKenzie, 1999; D’Agostino et al., 2001; Faure Walker et al., 







The combination of regional uplift and normal faulting has resulted in dynamic 
landscape evolution over the last 2.5-3 Myr. D’Agostino et al. (2001) were first in 
discussing long-term drainage network development in the central Apennines in light 
of its history of extension and mantle-driven uplift. Based on the relationship between 
gravity admittance data and long-wavelength topography they concluded that “mantle 
upwelling beneath the central Apennines has been the dominant geodynamical process 
during the Quaternary, controlling both the geomorphological evolution and the 
distribution of active deformation”. D’Agostino et al. (2001) related the initial 
isolation (internal drainage) of most of the intramontane basins to extensional faulting. 
They argued that subsequent progressive integration of these basins occurred because 
they got captured by aggressively headward eroding river systems cutting down on the 
flanks of the growing topographic bulge. Their hypothetical model implied that 
drainage network and basin filling histories were primarily a function of distance from 
the coast (Figs. 1.3, 1.4). The work from D’Agostino et al. (2001) was one of the main 
motivations underlying this PhD project.  
 
 
Fig.	 1.3	 Topographic	 cross-section	 across	 the	 central	 Apennines	 (from	 D’Agostino	 et	 al.,	 2001)	




Fig.	 1.4	Digital	elevation	model	 (SRTM)	of	 the	 Italian	peninsula,	 showing	 the	overall	 topography	of	
the	Italian	Apennines.	The	central	part	of	the	Apennines	(within	framework)	are	the	main	focus	of	this	
thesis.	 For	 this	 area,	 D’Agostino	 et	 al.	 (2001)	 hypothesised	 that	 long-wavelength	 topography	 is	









Many decades with studies of ancient and active normal fault systems are at the base 
of our current understanding of fault array evolution. Systematic analysis of the fault 
lengths and their (along-strike varying) displacement has led to the first ideas about the 
growth of normal faults and their capability of mechanically interacting and linking 
with their neighbours (e.g., Walsh and Watterson, 1991; Cowie and Scholz, 1992). 
These studies have demonstrated that in various settings and over widely varying 
spatial scales, faults tend to keep a constant displacement-length scaling and that 
deviations from this scaling are indicative for the transient evolution of the fault array. 
Numerical and analogue modelling studies (e.g., Sornette et al., 1994; Cowie et al., 
1993, 1995) have explored the long-term (105-106 yrs) evolution of normal fault arrays 
and demonstrated that strain becomes progressively localised over time. Cowie 
(1998a) was first in showing that fault arrays develop from distributed faults systems 
consisting of large numbers of small-displacement faults (rift initiation or nucleation 
stage) into fault systems in which only a small number of large-displacement through-
going faults has remained (rift climax stage). Going from the rift initiation to the rift 
climax stage, involves a time interval of fault growth, interaction and linkage (fault 
interaction stage). Faults located in the centre of the fault array can most easily interact 
with their neighbours and tend to become the largest fault systems over time, at the 
expense of other smaller faults that become inactive (Cowie, 1998a). On top of these 
long-term developments, distributed normal faults systems reveal shifts in activity 
over 103-104 year timescales between different faults due to fault interaction (e.g., 
Nicol et al., 2010; Cowie et al., 2017). 
1.3.2	 Drainage	development	and	basin	stratigraphy	
Progressive strain localisation during continental rifting affects drainage network 
development, sediment dispersal and the depositional environments in the fault-
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bounded basins. Gawthorpe and Leeder (2000) discuss stratigraphic observations in 
light of progressive strain localisation and present conceptual models for the different 
stages of combined tectono-sedimentary rift development. For the early stage of 
continental rift evolution, they suggest that the large number of relative small hanging 
wall basins largely develop in isolation from one another and support either lacustrine 
or fluvial environments depending on local sediment supply. Due to fault segment 
interaction and linkage, adjacent depocentres merge into larger ones over time, 
allowing larger axial river systems to develop. Due to the much more limited number 
of across-strike fluvial connections, i.e., between parallel fault systems, a rectangular 
(fault-controlled) so-called ‘trellis’ drainage network develops that is characteristic for 
continental rifts (Twidale, 2004). 
Besides the structural development of the rift, basin stratigraphy additionally depends 
on the prevailing climatic conditions and lithology as these mostly control sediment 
supply and runoff (Gawthorpe and Leeder, 2000). However, also the degree in which 
basins are connected with one another is of key importance, as this controls the 
existence of local base levels, sediment dispersal across the rift and the type of 
depositional environments within the basins. While the locations of the main river 
valleys are largely fault-controlled, the degree of connectivity between different basins 
(or valley segments) often changes over time (e.g., D’Agostino et al., 2001; Connell et 
al., 2005; Menges, 2008; Duffy et al., 2015).  
1.3.3	 Interplay	between	surface	processes	and	fault	activity	
Whereas fault activity exerts a first-order control on erosion-deposition patterns and 
sediment fluxes in continental rifts (e.g., Whittaker et al., 2010; Pechlivanidou et al., 
2019), sediment redistribution in turn affects upper crustal stresses and normal fault 
activity. The impact of depositional loading and erosional unloading has mainly been 
demonstrated by numerical and analogue modelling studies, not only applying to 
sediment redistribution, but also for climate-related variations in water and ice loads 
(e.g., Hetzel and Hampel, 2005; Hampel et al., 2009; Zwaan et al., 2018). For 
individual normal faults it has been demonstrated that footwall erosion and hanging 
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wall deposition enhance long-term slip rates and basin depths but reduce footwall 
elevations (e.g., Maniatis et al., 2009; Turpeinen et al., 2008, 2015). Moreover, surface 
processes can prolong the time interval of fault activity, even up to millions of years 
after cessation of regional extension (Olive et al., 2014; Turpeinen et al., 2015). Also 
thermo-mechanical models with dynamic fault development demonstrate that sediment 
loading leads to strain localisation (e.g., Buiter et al., 2008; Theunissen and Huismans, 
2019; Beucher and Huismans, in press.). However, it is much more challenging to 
demonstrate sediment-controlled loading-or unloading effects on the fault activity in 
natural rift systems, explaining the much more limited number of field studies 
demonstrating the existence of such a feedback (Fernández-Ibáñez et al., 2010; Calais 
et al., 2010). The scarcity of rift systems with sufficient spatial coverage and temporal 
resolution of data and thorough understanding of the different aspects dominating their 
landscape dynamics, explains the pioneering character of this type of study. This 
means that despite the relative good theoretical understanding of potential interactions 
from modelling studies, they have rarely been identified and their strength has rarely 
been constrained for real rift systems. 
1.4	 Research	aims	and	approach	
The overall aim of this PhD project was to improve our process-based understanding 
of the interplay between surface processes and tectonics in active, elevated continental 
rifts. The work particularly focussed on the following three questions: 
iv) How do river networks evolve over time in response to extensional faulting 
and regional uplift and what are the main controlling factors? 
v) What is the impact of drainage network evolution on sediment dispersal, 
basin stratigraphy and transient landscape evolution? 
vi) What is the impact of mantle-induced surface uplift on normal fault and 
topographic development in active continental rifts? 
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The first two questions were addressed by means of field-data analysis and numerical 
modelling, and both at a river-system and regional (rift-wide) scale. Published 
constraints on regional uplift and fault activity from the central Apennines were used 
to parameterise a landscape evolution model to investigate the combined impact of 
faulting and regional uplift on long-term drainage network evolution and sediment 
dispersal (Chapter 3). This study led to a fundamental change in our view on which 
mechanisms control drainage network evolution, and these new ideas were 
subsequently tested in a field-based geomorphic-stratigraphic study (Chapter 4). This 
follow-up study focussed on integrating stratigraphic and geomorphic observations 
with constraints on fault development for one of the largest river systems in the central 
Apennines, the Aterno river system. Because this river system drains the area hit by 
devastating the 2009 L’Aquila earthquake, a wealth of data on fault activity and basin 
stratigraphy has been published. Chapter 4 integrates these published data with new 
geomorphic observations in order to reconstruct the long-term evolution of this river 
system and for evaluating the main factors controlling its development.  
The third research question was approached by means of a geodynamic modelling 
study (Chapter 5). Strong evidence has been published that indicates that extensional 
faulting and regional uplift in the central Apennines are controlled by the same 
dynamic development of the underlying upper mantle (e.g., D’Agostino et al., 2001; 
Faure Walker et al., 2012; Faccenna et al., 2014). We used a thermo-mechanical 
model for exploring one of the hypothesised scenarios, namely the removal of mantle 
lithosphere (e.g., Di Luzio et al., 2009; Chiarabba and Chiodini, 2013). Published 
observations from the central Apennines were again used to constrain the model, 
allowing model results to be compared with field observations.  
1.5	 Thesis	outline		
This thesis consists of three parts. Chapters 1 and 2 together are the first part of this 
thesis. This introduction chapter is followed by Chapter 2, which provides an overview 
of the geological setting of the central Italian Apennines. The second part of this thesis 
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consists of three ‘paper-chapters’ (Chapters 3, 4, and 5) for which a short description 
of their contents is given below. In the final part of the thesis (Chapters 6 and 7) the 
findings from the three ‘paper-chapters’ are synthesised. Chapter 6 discussed those 
results that are most relevant for the scientific literature focussing on the central 
Apennines. In Chapter 7, on the other hand, the key findings are integrated and 
discussed within the wider context of the literature on continental rift development. 
Here, also outstanding research questions and recommendations for future research 
directions are provided.  
Paper 1: ‘Drainage integration and sediment dispersal in active continental rifts: A 
numerical modelling study of the central Italian Apennines’ (Chapter 3) 
This paper approaches the first two research questions by means of numerical 
landscape evolution modelling using field constraints on both normal faulting and 
regional uplift. This work demonstrates that even in the case of constant slip and uplift 
rates, the combination of normal faulting and regional uplift produces a dynamic 
landscape evolution. This is because, together, faulting and uplift produce changes in 
the interconnectivity of the drainage network over time, with relative small and 
isolated drainage basins progressively becoming interconnected with one another and 
with the regional drainage network. While this phenomenon of drainage integration 
was previously described for the central Apennines, the results of this study provide a 
process-based understanding of the underlying mechanisms and controlling factors. 
Furthermore, this study demonstrates the large impact of drainage integration on 
sediment dispersal and transient landscape evolution. 
Paper 2: ‘Transient landscape and stratigraphic responses to drainage integration in 
the actively extending central Italian Apennines’ (Chapter 4) 
The second paper (Chapter 4) is a field study that focuses on the evolution the Aterno 
river system in the central Apennines. The Aterno river system is one of the largest 
river systems in the region, with a drainage basin area of ~1300 km2. By integrating 
published stratigraphic and fault slip data with new geomorphic observations the 
progressive integration of the different fault-bounded basins and the birth of the 
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through-going Aterno River have been reconstructed. This drainage integration 
reconstruction allowed us to test some of the ideas developed in paper 1 of this thesis. 
This study demonstrates that basins became integrated with one another because they 
became overfilled with sediment and water, allowing them to spill over. This dataset 
also suggests that rates of sedimentation and basin subsidence are similar in 
magnitude, explaining why tipping points between under- and overfilled conditions in 
the different basins can be easily reached. This work also describes the impact of 
drainage integration on basin stratigraphy and long-term transient landscape evolution.  
Paper 3: ‘Dynamic normal fault behaviour and surface uplift in response to mantle 
lithosphere removal: A numerical modelling study motivated by the central Italian 
Apennines’ (Chapter 5) 
Paper 3 (Chapter 5) explores one of the potential mechanisms driving both uplift and 
extension in the central Apennines, namely the removal of mantle lithosphere (e.g., Di 
Luzio et al., 2009). Two-dimensional thermo-mechanical numerical modelling 
experiments are used, in which mantle lithosphere is removed in a simplistic, but 
dynamic manner. The results of this work show the impact of lithospheric thinning on 
surface uplift and the long-term development of an array of pre-defined normal fault 
zones. The results demonstrate that heating and thinning of the lithosphere causes 
isostatic uplift and the localisation of extensional strain within a narrow zone that has a 
similar width as observed in the central Apennines. The model also shows dynamic 
fault interaction resulting in temporally varying slip rates and shifts in fault activity 
across-strike. Overall this work demonstrates that mantle lithosphere removal can 








The Italian Apennines are located in the highly complex zone of north-south 
convergence between the African and Eurasian plates that occurred at a rate of a few 
millimetres per year over the last 20 Myr (Fig. 2.1; e.g., Faccenna et al., 2001b; 
Lucente et al., 2006). Subduction of Tethyan crust and east-southeast migration of the 
active subduction zone over the last ~20-30 Myr resulted in the formation of the 
northeast verging fold-thrust belt of the Italian Apennines and the opening of the 
western-central Mediterranean (e.g., Malinverno and Ryan, 1986; Lucente et al., 
2006). Sinking and rollback of the slab is thought to have been the main driving force 
behind back-arc extension (e.g., Malinverno and Ryan, 1986; Faccenna et al., 2001b; 
Lucente et al., 2006). In the central (Lazio-Abruzzo) part of the Apennines, orogenesis 
led to the uplift of Mesozoic-Paleogene limestones above sea level and the deposition 
of flysch during the Miocene. Limestone and flysch are the two main bedrock types in 
this area (Fig. 2.2a). Whereas thrusting is still active in the Northern Apennines, it 





Fig.	 2.1	 Simplified	 tectonic	
map	 of	 the	 central	
Mediterranean	 from	




Africa	 and	 Eurasia.	 HP	
stands	 for	 ‘high	 pressure’	
alpine	 metamorphism.	 The	
map	also	shows	the	average	
ages	 of	 volcanism	 in	
different	 regions,	 showing	
that	 volcanism	 in	 the	
Tyrrhenian	 foreland	 area	
directly	 west	 of	 the	 central	
Apennines	 mostly	 occurred	
after	 0.7	 Ma	 (see	 also	 Fig.	
2.2a).	
2.2	 Extensional	faulting,	regional	uplift	and	high	topography		
Subsequently, NE-SW extension commenced in the central Apennines around 3-2.5 
Ma (e.g., Patacca et al., 1990; Bosi and Messina, 1991; Lavecchia et al. 1994; 
Cavinato and DeCelles, 1999; Cosentino et al., 2017). GPS velocities indicate a 
current regional extension rate of ~3 mm yr-1 (Hunstad et al., 2003; Serpelloni et al. 
2013; D’Agostino et al., 2009, 2011). Extension is accommodated by numerous active 
SE striking normal faults, organised in a 60-80 km wide fault array located along the 
crest of the mountain range (Fig. 2.2b). Striated fault scarps have been preserved since 
the demise of last glacial (15±3 ka), which offset planar hillslopes that are preserved 
due to the climate-induced ten-fold reduction in hillslope erosion rates (Fig. 2.3; 
Tucker et al., 2011; Cowie et al., 2017). The vertical height of these fault scarps 
typically varies between 3 and 24 m, indicating Holocene-averaged throw rates in 
between 0.2 and 1.6 mm yr-1 (Roberts and Michetti, 2004; Papanikolaou et al., 2005, 
Papanikolaou and Roberts, 2007; Faure Walker 2012). Maximum total throws, i.e., the 
estimated vertical offset between pre-rift geological horizons, vary between ~600 and 











(looking	 east)	 and	 the	main	 basin-bounding	 fault	 system	 (Sulmona	 or	Monte	Morrone	 fault).	Note	
person	in	the	background	for	scale. 
 
The mainly high-angle normal faults have lengths of the order of 20-40 km, a 
dominant SW dip direction and produce intense seismicity down to ~15-17 km depth 
(Roberts and Michetti 2004; Papanikolaou and Roberts 2007; Faure Walker 2012; 
Chiarabba and Chiodini, 2013). These faults mainly upthrow Mesozoic-Paleogene 
limestone in their footwalls, whereas their hanging walls are filled with Quaternary 
fluvial and lacustrine sediment. Active NE-SW extension is also evidenced by the 
regional stress field reconstructed from focal mechanisms and borehole breakout data 
(e.g., Montone et al., 2004). Active normal faulting explains the strong seismicity in 
the region that frequently produces earthquakes with magnitudes up to 7 Mw, 
including the 1915 Avezzano, 2009 L’Aquila and 2016-2017 Norcia-Amatrice 
earthquakes (e.g., Wedmore et al., 2017, 2019). Co-seismic fault displacements are 
typically of the order of <~1 m.  
Besides extension, the central Apennines experienced pronounced regional uplift from 
approximately 2 Ma onwards, as evidenced by Early Pleistocene shorelines and 
shoreface deposits perched  over  several  hundreds  of  meters  above  sea  level  (e.g.,  
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D’Agostino et al., 2001). Uplift mainly affected the mountain range interior, which has 
been uplifted by >800 m, whereas the surface near today’s coastlines remained more 
or less stable over time (e.g., Bordoni and Valensise, 1998; Pizzi, 2003; Ascione et al., 
2008; Mancini et al., 2007). This produced an up-doming pattern of long-term regional 
surface uplift that is also reflected by geodetic surface uplift rates (D’Anastasio et al., 
2006; Serpelloni et al., 2013). Today, the highest mountain peaks (located at elevated 
footwalls in the Gran Sasso range) reach up to ~2900 m elevation (Fig. 2.2b).  
The combination of regional surface uplift and extension has created a topographic 
bulge with, near its crest, an array of active normal faults bounded by high footwall 
areas and low-lying half grabens (Figs. 2.2b, 2.4). However, due to pre-rift inherited 
topography, the topography is not characterised by a relative simple and systematic 
‘Basin-and-Range type of morphology’ but has a strongly 3-dimensional character 
(Figs. 2.2b, 2.4). Though, in an across-strike direction, the area reveals topography 
over three dominant spatial scales, which are most clearly visible in transect 2 in figure 
2.3. Firstly, long-wavelength (100-150 km) topography resulting from long-term 
regional up-doming of the area (D’Agostino et al., 2001). Secondly, the central 
Apennines are characterised by ~30 km wide (across-strike) topographic blocks 
consisting of Mesozoic limestone that line up with mapped thrust faults and are 
inherited from the phase of compression (Figs. 2.2b, 2.4). Thirdly, normal fault-related 
topography consisting of elevated footwall ranges and hanging wall basins controlled 
by a semi-regular, across-strike fault spacing of ~7-15 km (Roberts and Michetti, 
2004). 
Compared to other parts of the Apennines, its central part (Lazio-Abruzzo, between 
41.5 and 42.5 °N) is the widest and highest part of the mountain range with the highest 
rates of regional surface uplift, highest upper-crustal strain rates, and the widest array 
with active normal faults (Fig. 2.1; e.g., Faure Walker et al., 2012).  
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2.3	 Lithosphere	structure	and	mantle	dynamics	
The depth of the Moho beneath the Italian peninsula is well constrained by S receiver 
function analysis (Piano Agostinetti and Amato, 2009; Miller and Piano Agostinetti, 
2012) and shallow tomography (Di Stefano et al., 2011). These studies suggest that, 
from east to west across central Italy, the crustal thickness changes from ~30-35 km in 
the Adriatic domain to ~35-38 km beneath the Apennines, and subsequently decreases 
down to ~20-25 km in the Tyrrhenian domain. The slight thickening of the crustal 
wedge cannot explain the high topography of the central Apennines through crustal 
isostasy (D’Agostino and McKenzie, 1999; D’Agostino et al., 2001; Faccenna et al., 
2014). Moreover, because the timing of regional uplift (<2 Ma) post-dates the change 
from shortening to extension (~6-3 Ma), crustal thickening can be ruled out as an 
explanation for the high topography and support from the mantle is required 
(D’Agostino et al., 2001; Faure Walker et al., 2012). Faccenna et al. (2014) calculated 
the pattern of residual topography along the Apennines (based on the difference 
between the observed and Airy isostatic topography), and demonstrated that the mean 
elevation of the central Apennines should be ~600 m lower if it would be only 
supported by variations in crustal thickness.  
P-wave tomography studies demonstrate the presence of the subducting Adriatic slab 
underneath the northern and southern parts of the Apennines (e.g., Rosenbaum et al., 
2008; Di Stefano et al., 2009). However, the same studies also show a broad strongly 
negative P-wave anomaly in the uppermost mantle (~40-50 km depth) underneath the 
central Apennines that is interpreted as a window in the slab that allows for the 
upwelling of hot asthenosphere material (Fig. 2.5; Wortel and Spakman, 2000; 
Rosenbaum et al., 2008; Di Stefano et al., 2009). Anomalous low densities in the 
upper mantle (Di Luzio et al., 2009) and free-air gravity data (D’Agostino et al., 2001) 
additionally support the presence of a slab window beneath central Italy. The 
upwelling of hot sub-lithospheric mantle can also explain the long-wavelength surface 
uplift in the area and elevated temperatures and CO2 contents of groundwater (Fig. 2.5; 
Chiarabba and Chiodini, 2013; Chiodini et al., 2013). However, it is still debated 
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whether it is isostatic adjustment due to lithosphere thinning or mantle convection-
induced stresses that support the topography (e.g., Faccenna et al., 2014). 
Decompressional melting of asthenosphere related to slab breakoff has been inferred 
to explain the youngest phase of volcanism (<0.7 Ma) in the Tyrrhenian coastal areas 





(>300mWm-2)	 in	 the	 central	 Apennines	 interior.	 b,c)	 Seismic	 velocity	 anomalies	 Vp	 for	 the	 crust	
beneath	the	central	Apennines	(from	Chiodini	et	al.	2013,	based	on	data	from	Chiarabba	et	al.,	2010).	





During extension, development of the fault array took place through fault growth, 
elastic interaction and fault linkage resulting in long-term changes in slip rates (Cowie 
and Roberts 2001). Evidence for fault development comes from comparison of the 
estimated postglacial (younger than 15±3 ka) slip rates with the long-term (2.5-3 Ma) 
averaged slip rates. Some of the faults located near the centre of the fault array 
currently slip at rates that are too high to explain their relative small total 
displacements, suggesting that they have increased their slip rate over time. Other 
faults located closer to the edges of the fault array have postglacial slip rates that are 
consistent with their total displacement, suggesting that they have kept an 
approximately constant slip rate (Cowie and Roberts, 2001; Roberts and Michetti 
2004; Papanikolaou and Roberts 2007; Faure Walker et al. 2010, 2012; Whittaker et 
al., 2008). This observed pattern of progressive localisation of extensional strain in the 
centre of the fault array compares well with fault development reproduced in 
numerical experiments (Cowie et al., 1993; Cowie, 1998a). Modelling and empirical 
data together suggest strain localisation and slip acceleration on the central faults to 
have occurred somewhere between 1 and 0.5 Ma, possibly accompanied by the death 
of some faults located furthest southwest (Fig. 2.2b; Roberts and Michetti 2004).  
There is also strong evidence for temporal variations in fault slip rates over shorter 
timescales (103-104 yr). Variations in cosmogenic 36Cl measured on fault scarps reveal 
that faults in central Italy typically slip relative rapidly over several thousands of 
years, separated by equally long periods when slip rates are relative low (Cowie et al., 
2017). Like for other extensional settings (e.g., Nicol et al., 2010), these shifts in fault 
activity in the central Apennines have been attributed to across-strike fault interaction 
(Cowie et al. 2012, 2017). 
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2.5	 Drainage	network	and	basin	stratigraphy	
The central Apennines are drained by a few large river systems that start in the 
mountain interior and flow either to the Adriatic (Aterno-Pescara river system) or 
Tyrrhenian (Salto-Velino-Nera and Liri river systems) coast (Fig. 2.6). These rivers 
predominantly follow an along-strike (fault-parallel) course, but start flowing in an 
across-strike direction where they managed to cross actively uplifting footwall 
topography and enter the foreland area. However, there are also parts of the mountain 
interior that are not externally drained by river systems. Most important is the large, 
underfilled endorheic Fucino basin, which has a watershed of ~860 km2 and is located 
right at the main drainage divide (Fig. 2.6a; D’Agostino et al., 2001). Basin subsidence 
is controlled by the Fucino fault system that is the largest fault system in the area and 
located in the centre of the active normal fault array (Roberts and Michetti, 2004). 
While the Fucino basin has received most attention, there are a large number of 
smaller underfilled depressions (<~50 km2) mostly at higher elevations in elevated 
footwall areas (Fig. 2.6a). Some of them are truly endorheic, others are drained by 
subsurface (karst) systems that developed in the limestone bedrock (e.g., Boni, 2000).   
During the early Pleistocene, not only the Fucino basin, but also most of the other 
major normal fault-bounded basins were internally drained (e.g., D’Agostino et al., 
2001; Piacentini and Miccadei, 2014), as evidenced by the dominance of lacustrine 
sediment in the older parts of their stratigraphy that formed under endorheic conditions 
(Figs. 2.7a,c; e.g., Cavinato, 1993; Cavinato and DeCelles, 1999; Cavinato et al., 
1994; Miccadei et al., 2002; Pucci et al., 2014; Piacentini and Miccadei, 2014; 
Nocentini et al., 2017, 2018). Over time, these basins became progressively connected 
with one another by a through-going river system. As first proposed by D’Agostino et 
al. (2001), this process of drainage integration has been generally thought to be driven 
by headward eroding rivers in the coastal areas that progressively elongate their course 
in a landward direction through the step-wise capturing of intramontane basins. The 
transient response of today’s large through-going river systems to long-term drainage 












characterise their longitudinal profiles (Fig. 2.6b,c). Also some of footwall draining 
tributaries crossing active normal faults reveal high knickzones that have been 
explained by slip acceleration (Fig. 2.6b; e.g., Whittaker et al., 2008). 
Since the onset of extension ~3 Ma, the extensional intramontane basins in the central 
Apennines trapped up to <1000 m thick sequences of predominantly lacustrine and 
fluvial deposits (e.g., Cavinato, 1993; Cavinato and DeCelles, 1999; Cavinato et al., 
1994; Miccadei et al., 2002; Pucci et al., 2015; Piacentini and Miccadei, 2014; 
Nocentini et al., 2017, 2018). Lacustrine sediment in this area comprises whitish 
laminated to massive calcareous silts and clays, whereas the fluvial deposits typically 
consist of well-rounded and moderate to well-sorted calcareous gravels and sandy 
gravels (Fig. 2.7c,d; e.g., Mancini et al., 2012; Giaccio et al., 2012; Nocentini et al., 
2017, 2018). Stratigraphic cross-sections have been published for most of the largest 
basins in the area, which are based on well logs and seismic profiles (Fig. 2.7a). In 
many basins the youngest (Late Pleistocene-Holocene) stratigraphy can be studied in 
outcrops in the walls of deeply incised basin-crossing river valleys (e.g., Sulmona and 
Lower Aterno-Subequana basins, Salto valley). In some basins also (shifts in) fault 
activity caused basin infill to become partly exposed by footwall uplift (e.g., the 
Fucino and Castelnuovo basins). For most basins, age constraints exist from a 
combination of tephra-chronology, biostratigraphy and palaeomagnetism.  
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Fig.	 2.7	 a)	 Example	 of	 a	 stratigraphic	 cross-section	 across	 one	 of	 the	 main	 basins	 in	 the	 central	
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Progressive integration of drainage networks during active crustal extension is 
observed in continental areas around the globe. This phenomenon is often explained in 
terms of headward erosion, controlled by the distance to an external base-level (e.g. 
the coast). However, conclusive field evidence for the mechanism(s) driving 
integration is commonly absent as drainage integration events are generally followed 
by strong erosion. Based on a numerical modelling study of the actively extending 
central Italian Apennines, we show that overspill mechanisms (basin overfilling and 
lake overspill) are more likely mechanisms for driving drainage integration in 
extensional settings and that the balance between sediment supply versus 
accommodation creation in fault-bounded basins is of key importance. In this area 
drainage integration is evidenced by lake disappearance since the early Pleistocene and 
the transition from internal (endorheic) to external drainage, i.e. connected to the 
coast. Using field observations from the central Apennines we constrain normal 
faulting and regional surface uplift within the surface process model CASCADE 
(Braun & Sambridge, 1997) and demonstrate the phenomenon of drainage integration, 
showing how it leads to the gradual disappearance of lakes and the transition to an 
interconnected fluvial transport system over time. Our model results show that, in the 
central Apennines, the relief generated through both regional uplift and fault-block 
uplift produces sufficient sediment to fill the extensional basins, enabling overspill and 
individual basins to eventually become fluvially connected. We discuss field 
observations that support our findings and throw new light upon previously published 
interpretations of landscape evolution in this area. We also evaluate the implications of 
drainage integration for topographic development, regional sediment dispersal and 
offshore sediment supply. Finally, we discuss the applicability of our results to other 
continental rifts (including those where regional uplift is absent) and the importance of 
drainage integration for transient landscape evolution.  
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3.2	 Introduction		
In many continental settings undergoing active extension river network geometries 
change considerably over time (e.g. Leeder & Jackson, 1993; Jackson & Leeder, 
1994). An often-observed trend is the progressive development of fluvial connections 
between initially isolated, endorheic, drainage basins and the eventual formation of a 
regional drainage network (e.g. D’Agostino et al., 2001; Connell et al., 2005; Menges, 
2008; Smith, 2013; Dickinson, 2015; Duffy et al., 2015). This phenomenon, so-called 
drainage integration, explains why lake sediments often characterise older parts of the 
stratigraphy of fault-bounded extensional basins, while fluvial sediments are observed 
higher up in the record (e.g. D’Agostino et al., 2001; Connell et al., 2005; Cavinato & 
De Celles, 1999; Miccadei et al., 2002). An area where drainage integration has 
clearly occurred is the central part of the Italian Apennines (Fig. 3.1), which has been 
affected by active extension since approximately the beginning of the Pleistocene 
(Cavinato & De Celles, 1999; Roberts & Michetti, 2004). While lakes were 
widespread during the Early-Middle Pleistocene in this area, most of them disappeared 
in the course of the Middle-Late Pleistocene as tectonic basins became progressively 
fluvially connected (e.g. D’Agostino et al., 2001; Piacentini & Miccadei, 2014). 
Understanding the mechanisms that control drainage integration is clearly important 
for interpreting the stratigraphic record preserved in such extensional settings.  
In the central Apennines, drainage integration has previously been explained in terms 
of headward erosion from the coast, i.e. the capturing of basins at higher elevations by 
major streams that enlarge their catchments in an upstream direction (D’Agostino et 
al., 2001). However, there are other mechanisms that can lead to drainage integration 
between adjacent extensional basins. Drainage integration may partly be explained by 
the structural evolution of normal fault systems as adjacent fault segments propagate 
and link (Cowie et al., 1998). This leads to the structural lowering of topographic 
thresholds between these basins so they can become fluvially connected in an along-
strike direction (Gawthorpe & Leeder, 2000; Connell et al., 2005; Menges, 2008; 
House et al., 2008). Another structural mechanism allowing integration to occur can 
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be a reduction of fault slip rates over time (Connell et al., 2005). However, for 
explaining drainage integration across-strike and at a regional scale, as observed in the 
central Italian Apennines, additional mechanisms based on the dynamics of the fluvial 
system itself are required. Besides headward erosion (e.g. D’Agostino et al., 2001; 
Dickinson, 2015), other important mechanisms, proposed mainly for other areas, are 
the spilling over of lakes (e.g. Bishop, 1995; Douglass et al., 2009; Smith, 2013; 
Garcia-Castellanos et al., 2003) and the complete infilling of tectonic basins with 
sediment (e.g. Bishop, 1995; D’Agostino et al., 2001; Douglass et al., 2009). Although 
we have a fairly good understanding of these different mechanisms at a local scale, i.e. 
for individual basins, many fundamental questions remain regarding the conditions 
under which the different mechanisms may dominate and the impact of drainage 
integration on landscape evolution, sediment dispersal and, ultimately, basin 
stratigraphy in continental rifts (Smith, 2013).  
There are additional reasons why improving our understanding of drainage integration 
is important. First of all, it forms a key aspect of transient landscape development in 
extensional settings but has, in contrast to the evolution of normal fault systems, 
received surprisingly little attention (e.g. Bishop, 1995; Stokes et al. 2002). Secondly, 
drainage integration has a profound impact on the volumes and characteristics of 
sediment supplied to tectonic basins (e.g. Smith, 2013). Thirdly, through its impact on 
sediment dispersal and hence mass redistribution, it is of great relevance for studies on 
the feedback between surface processes and tectonics in extensional settings (e.g. 
Maniatis et al., 2009; Buiter et al., 2008). However, studying drainage integration in 
the field is complicated due to poor preservation of evidence. This is because drainage 
integration generally produces a wave of erosion in response to base-level changes. To 
overcome the problem of limited field evidence we investigate the processes of 
drainage integration by means of numerical modelling. We use a simple model setup 
that includes the main features of tectonic deformation in the central Apennines to 
drive surface processes through time. By applying our modelling approach to this area 
we make use of a wealth of field observations for calibrating our model and for 
evaluating our results. While previous modelling studies have demonstrated aspects of 
drainage reorganization in rifts at a local scale (Cowie et al., 2006; Douglass & 
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Schmeeckle, 2007; Smith, 2013; Garcia-Castellanos et al., 2003), this approach allows 
us to address the problem at a regional scale (>100 km), involving a large number of 
extensional basins and fault-blocks. 
Fig.	 3.1	 (a)	 Location	map	of	 the	study	area	 in	 the	central	Apennines,	 (b)	 the	study	area	and	model	




M2	 =	 Last-interglacial	 shoreline,	 M3	 =	 Sicilian	 shoreface	 deposits,	 and	 M4	 =	 Last-interglacial	
floodplain,	 see	 also	 Supplementary	Materials	 S2),	 fault	 sites	 (FiF	 =	 Fiamignano	 fault,	 FuF	 =	 Fucino	
fault,	BaF	=	Barete	fault,	and	SuF	=	Sulmona	fault;	see	also	Fig.	3.2b)	and	paleosurfaces	which	were	




The central part of the Italian Apennines is the highest (up to ~2900 m) and widest 
part of the Apennines mountain belt. After cessation of thrusting during the Pliocene 
(Patacca et al., 1990) its Quaternary landscape evolution (ca. the last 3 million years) 
has been dominated by a combination of regional uplift and southwest-northeast 
extension localised on dominantly southwest dipping normal faults (e.g. Roberts & 
Michetti, 2004; Fig. 3.1b). Brackish marsh deposits at the base of some of the 
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extensional basins suggest the area was close to sea-level when extension and uplift 
commenced (Gliozzi & Mazzini, 1998). Regional uplift has produced a topographic 
bulge as the mountain belt interior has undergone large (>800 m) differential uplift 
relative to the coastlines (D’Agostino et al., 2001; Centamore & Nisio, 2003; Pizzi, 
2003; Ascione et al., 2008; D'Anastasio et al., 2006; Serpelloni et al., 2013; Mancini 
et al., 2007). Most of the extensional deformation has occurred along the crest of this 
topographic bulge and is accommodated by a wide (>60 km) array of normal faults 
(Fig. 3.1b; D’Agostino et al., 2001; Roberts & Michetti, 2004; Faure Walker et al., 
2010). Over time these faults have generated large footwall uplifts mainly consisting 
of Mesozoic limestone and have trapped thick sequences of continental deposits in 
their hanging-wall basins (Fig. 3.1c; Cavinato, 1993; Cavinato et al., 1994; Cavinato 
& De Celles, 1999; Miccadei et al., 2002; Cavinato et al., 2002). Total throw estimates 
along the (up to 40 km long) faults vary across the area but tend to be greatest (up to 
2200 m) across the more centrally located, higher elevation, faults (Cowie & Roberts, 
2001; Roberts & Michetti, 2004).  
The elevated topography in the central part of the Apennines cannot be explained by 
crustal or lithospheric isostasy (Faccenna et al., 2014). However, a clear correlation 
exists between topography, surface uplift and regional extension rates, suggesting that 
uplift and extension are driven by the same underlying mechanism (Faure-Walker et 
al., 2012). Although the exact mechanism is debated (see review provided by 
Faccenna et al., 2014) uplift and extension are likely related to either flow or 
buoyancy variations in the uppermost mantle and removal of mantle lithosphere (e.g. 
D’Agostino & McKenzie, 1999; D’Agostino et al., 2001; Bartolini et al., 2003; Cowie 
et al., 2013; Faccenna et al., 2014).  
As first discussed by D’Agostino et al. (2001), many field observations demonstrate 
the combined impact of uplift and faulting on the geomorphologic development of the 
central Apennines and on the evolution of the drainage network (see also 
D’Alessandro et al., 2003, 2008; Ascione et al. 2008). A key observation is that most 
of the major fault-bounded basins contain lake sediments in the older parts of their 
stratigraphy (Cavinato, 1993; Cavinato et al., 1994; Cavinato & De Celles, 1999; 
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Miccadei et al., 2002; Cavinato et al., 2002). Based mainly on these sediments it has 
been concluded that many large lakes co-existed during the Lower-Middle Pleistocene 
suggesting that endorheic drainage was prevalent at that time (D’Agostino et al., 2001; 
Piacentini & Miccadei, 2014). Today, most of these basins are fluvially dissected and 
connected to one another and to the coast. In other words, a temporal transition is 
inferred to have occurred from internal to external drainage leading to the integration 
of previous isolated basins with the regional river network (D’Agostino et al., 2001; 
Bartolini et al., 2003; Piacentini & Miccadei, 2014). Developing a better 
understanding of this transition via numerical modelling is the focus of this study. 
3.4	 Methodology	
For simulating regional landscape evolution for the setting of the central Apennines 
we use the surface process model CASCADE developed by Braun and Sambridge 
(1997). Its suitability has been demonstrated for modelling landscape development in 
extensional settings, where both fluvial erosion and deposition occur and where lakes 
are common features in the landscape (Cowie et al., 2006). There is a one-way 
coupling in our model in that we allow surface processes to respond to surface 
deformation due to tectonics, but there is no feedback of surface processes on the 
tectonics. Besides extensional faulting our model also includes regional uplift, and 
both are simulated by means of simple surface deformation functions (see below). 
Table	3.1.	Overview	of	parameter	values	used	in	the	surface	process	model	CASCADE.	
Parameter Description Values Units 
dx,dy	 Grid resolution 1000 m	
!" Calculation timestep (adjusted dynamically) ~ 100 !" 
endtime Length of model run 3 ∙ 10! !" 
! Effective precipitation rate 1 !/!" 
!! Dimensionless fluvial transport parameter 0.08 − 0.12 - 
!! Fluvial erosion length scale 30 − 70 ∙ 10! ! 
! Scaling exponent for channel width ! = ! ∙ !! 0.5 - 




The model domain covers all land area between the modern coastlines in central Italy 
(Fig. 3.1b). The region is rotated 45° clockwise relative to true North so that the 
dominant SW-NE direction of extension coincides with the x-direction in the model 
domain (Figs 3.1a-b). The model domain is 170 x 170 km and has a spatial resolution 
of 1 km in both directions (Table 3.1). The left and right boundaries of the model 
domain represent the Tyrrhenian and Adriatic coastlines, respectively. These coastal 
boundaries are fixed in order to keep base-level constant, as climatically induced sea-
level oscillations are small compared to the tectonic deformation we impose. We 
return to this assumption in the Discussion section. The other two boundaries of the 
model domain delimit our study area in the along strike direction, i.e. along the 
Apennines (y-direction in the model), and are free to slip vertically. All four 
boundaries are open in the sense that water and sediment can cross them. There is a 
free surface above for enabling topography to develop and vertical surface 
displacements are imposed from below. We run all our experiments for 3 million 
years, i.e. the estimated duration of extension (Roberts & Michetti, 2004). Although 
some authors suggest that regional uplift may have commenced more recently (e.g. 
Pizzi, 2003) we impose regional uplift from the beginning of the model runs for the 
sake of simplicity. The calculation time step in the model is adjusted dynamically but 
is ca. 100 years on average. We do not assume any pre-existing topography, except for 
1 m-scale random noise to initiate flow, even though the central Apennines were likely 
characterised by some relief at the time extension commenced (e.g. D’Alessandro et 
al., 2003). This means that there is no inheritance effect on drainage network 
development. We evaluate the potential implications of our zero pre-existing 
topography assumption in the Discussion section.  
3.4.1	 Normal	faulting	surface	deformation	and	regional	uplift	function	
For our calculations of vertical surface deformation in response to normal faulting we 
use the elastic dislocation model Coulomb 3.4 (Toda et al., 2005; Lin & Stein, 2004), 
which is based on linear elasticity laws and a half-space assumption (Okada, 1992; for 
more details see Supplementary Materials S1). The main input to the elastic 
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dislocation model is a fault map that includes all normal faults thought to have 
accommodated extension in the central Apennines since the Early Pleistocene 
(principally based on Roberts & Michetti, 2004 and Wedmore et al., 2017). Except for 
some faults located in the southwestern part of the area, they are all considered as 
active today and throughout the modelling period (Fig. 3.1b). In order to focus on the 
main topographic features only, the fault map was simplified by removing faults 
shorter than 5 km and by straightening the fault traces (compare Figs 3.1b and 3.2a). 
The simplified fault map comprises 50 faults with lengths between 5 and 40 km. 
Nearly all faults dip to the southwest (towards the left in the model domain) and we 
assume pure dip-slip for all of them. Rarely observed minor strike-slip motions do not 
contribute to relief and are thus ignored.  
Table S1 (Supplementary Materials S1) shows the parameter values used in the elastic 
dislocation model. Parameters for which no field area-specific data exist are assigned 
published values and are kept constant in all our calculations (Poisson’s ratio, Young’s 
modulus and coefficient of friction). The three fault-related parameters dip angle 
(‘dip’), fault root depth (‘root’), and a linear fault length-displacement scaling factor 
(! or ′!"##"′) are most important for our study. The latter scales maximum fault 
displacement D (experienced by the central part of the fault) linearly to fault length L 
as given by: ! = ! ∙ ! (Cowie & Scholz, 1992). For each of these parameters, we test 
the impact on the vertical surface displacement field for three different values (two 
extremes and one intermediate value) based on published data from the central 
Apennines (Table S1; Supplementary Materials S1). The parameter ! has the greatest 
impact on the vertical surface displacement field. Our intermediate value for ! (0.07) 
produces total throws which correspond best to those estimated in the field (Roberts & 
Michetti, 2004), and we use this surface deformation field as our standard faulting 
scenario in all of our experiments (Fig. 3.2a). For transforming the fault map into 
surface deformation rates used in the landscape evolution model, we divide the total 
uplift and subsidence values by 3 million years (see Fig. 3.2a for the resulting uplift 
and subsidence rates). This implies that fault offsets accumulate linearly over time 






section	 and	 Supplementary	 Materials	 S1).	 This	 displacement	 field	 is	 assumed	 to	 represent	 the	
accumulated	impact	of	normal	faulting	after	3	Myr.	Uplift	and	subsidence	rates	(mm/yr)	are	the	total	
uplift	 and	 subsidence	 values	 divided	 by	 3	million	 years.	 (b)	 Regional	 uplift	 curve	 showing	 the	 total	
amount	of	long-wavelength	surface	uplift	along	a	coast-to-coast	transect	projected	on	top	of	a	20	km	
wide	 topographic	 swath	 (in	 grey)	 across	 the	 central	 Apennines	 (see	 Fig.	 3.1b	 for	 swath	 location).	
Regional	 uplift	 rates	 (mm/yr)	 are	 the	 total	 regional	 uplift	 values	 divided	 by	 3	 million	 years	 (see	
vertical	 axis	 on	 the	 right).	 Also	 shown	 are	 localities	 and	 elevations	 of	 field	 observations	 that	were	
used	 to	 constrain	 the	 amplitude	 and	 shape	 of	 the	 regional	 uplift	 function.	 These	 observations	
comprise	 four	 different	 sea-level	 markers	 (M1-M4;	 see	 also	 Supplementary	 Materials	 S2)	 and	 the	
localities	of	 four	 faults	 (FiF,	 FuF,	BaF,	and	SuF)	where	 the	amount	of	 regional	uplift	was	estimated	
(see	also	Supplementary	Materials	S3).	
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respectively). Because field evidence suggests that some faults in the central 
Apennines experienced an increase in slip rate around 0.5-1.0 Ma (Cowie & Roberts, 
2001; Roberts & Michetti, 2004; Whittaker et al., 2008) we address the potential 
implications of changes in fault slip rates in the Discussion section. 
We simulate long-wavelength regional uplift across the mountain belt and its forelands 
using a Gaussian function (coast-to-coast transect; Fig. 3.2b). In the direction parallel 
to the mountain range, i.e. parallel to the y-axis in our model domain, we assume 
regional uplift to be uniform. We scaled our Gaussian function based on published 
field observations and some new estimates of regional uplift for the mountain range 
interiors, in order to obtain the right order of magnitude of total Pleistocene plus 
Holocene uplift (Fig. 3.2b). Because of the limited number of well-dated regional 
uplift estimates and their considerable spatial variability across our study area, we 
emphasise that our regional uplift function is only a first-order approximation. 
However, most important for our modelling study is that it accounts for the strongest 
uplift in the mountain range interiors and a gradual decline when moving across the 
foreland areas towards the Tyrrhenian and Adriatic coastlines.  The published data that 
we used for constraining our uplift function in the foreland areas are paleoshorelines 
and exposed shoreface deposits (e.g. D’Agostino et al., 2001; Pizzi, 2003). The data 
from the different sites is provided in Fig. 3.2b and described in more detail in 
Supplementary Materials S2 (Table S2). Besides these published observations we use 
structural data from four normal faults to provide some additional constrains on our 
regional uplift function in the interior part of the central Apennines. For these four 
normal faults (see Figs 3.1b and 3.2a for their locations) we estimate the amount of 
uplift of their fault planes by assuming typical long-term ratios of footwall uplift to 
hanging-wall subsidence and by assuming that the land surface was close to sea-level 
before regional uplift started. A detailed description of our method, the data, and our 
regional uplift estimates are provided in Supplementary Materials S3 (Table S3). 
These new uplift estimates suggest a total amount of regional uplift of around 1000 m 
in the innermost part of the central Apennines that corresponds well with 
reconstructions made by others (Ascione et al., 2008; Pizzi, 2003). It is important to 
note that we use a symmetrical uplift function in most of our numerical experiments 
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even though some studies suggest the Adriatic flank of the mountain range may have 
experienced more uplift than its Tyrrhenian counterpart (e.g. Pizzi, 2003). We assume 
a symmetric function for simplicity and because there seems to be no general 
agreement about the exact pattern of regional uplift. The potential implications of this 
assumption are addressed in the Discussion section. Regional uplift rates are kept 
constant through time in our model (see Fig. 3.2b for regional uplift rates). 
3.4.2	 Surface	process	model	
We use CASCADE for simulating fluvial erosion and sediment deposition in lakes 
(Table 3.1). The fluvial erosion algorithm follows the ‘under-capacity model’ and can 
generate both erosion and deposition (Kooi & Beaumont, 1996; Van der Beek & 
Bishop, 2003): 
!!
!"  =  
!
!∙!!
!! − !!           (1) 
where  !!!"  is elevation change. Transport capacity !! is the volume of sediment that is 
theoretically possible to be carried by the flowing water and its magnitude depends on 
discharge !! and local channels slope S: 
!! = !! ∙ !!   ∙ !          (2) 
This linear dependency is scaled by the dimensionless transport capacity constant !! . 
The sediment volume !! in equation (1) is determined by integrating all the elevation 
changes that are occurring upstream and represents the sediment passed to every node 
in each time step: 
!! =  !!!" !"
!
!           (3) 
where A is the total upstream drainage area and da is the downstream increment of 
upstream area. According to equation (1) the rate of erosion or deposition !!!"  is 
primarily a function of the disequilibrium between the transport capacity !! of the 
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river and the volumetric sediment flux !!. If !! > !! there is erosion, if !! < !! there 
is deposition, and the difference between them controls the rate of erosion or 
deposition. However, erosion and deposition rates are additionally controlled by the 
width of the channel W and the fluvial length-scale parameter !!, which both reduce 
erosion rates as their values increase. Because of the large dimensions of our study 
area we assume channel width to vary as a function of discharge (! = !!  ). Both 
parameters !! and !! affect the erosive conditions in our model. Simply stated, higher 
values for !! generate higher erosion rates and vice versa, whereas lower values for !! 
generate higher erosion rates and vice versa. However, as discussed in detail by Cowie 
et al. (2006), !! additionally controls the way in which rivers respond to changes in 
base-level, either in a more transport-limited or in a more detachment-limited manner. 
We systematically varied !!and !! between 0.08 – 0.12 and 30 – 70 km, respectively, 
in order to test the sensitivity of our model (see Supplementary Materials S4). We do 
not consider spatial lithological differences and temporal changes in climate in this 
study, and !! and !! are consequently kept constant in space and time. We address the 
potential implications of assuming a uniform lithology in the Discussion section. 
Climate variability is out of the scope of our study as it is not possible to resolve its 
crucial aspects (e.g. storm intensity) on geological time-scales (e.g. Whittaker, 2012).  
Land-sliding is locally important for landscape evolution in the central Apennines 
(Whittaker et al., 2010) but we do not include it because the spatial resolution (1000m) 
of our regional scale model means that no slopes exceed the critical angle for landslide 
initiation (typically ≥ 21°). The fluvial algorithm in CASCADE does not distinguish 
fluvial channels from the interfluve areas and thus erosion occurs across the entire 
landscape not only along channels.  
Important for this study is the treatment of water and sediment when a stream enters a 
local minimum in an extensional basin. First of all, the model calculates the lowest 
point on the rim of the basin (i.e. the spill-point) and defines all nodes in the basin at 
lower elevation as lake nodes. All sediment entering a basin is trapped as long as the 
basin is under-filled and supports a lake. The sediment is deposited in nodes closest to 
the river mouth, causing basins to become progressively filled from their edges. With 
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regard to water conservation we simulate truly endorheic drainage, i.e. closed basins 
where water loss through evaporation or seepage (including karst) exceeds water 
supply. This is chosen because at least two large lakes in central Italy, i.e. the 
historical Fucino lake (which is now artificially-drained) and the Trasimeno lake 
(Umbria; Ludovisi et al., 2013), demonstrate the occurrence of truly endorheic 
drainage under modern-day (interglacial) climatic conditions. Additionally, some 
studies on Italian lakes have demonstrated the important role of evaporation in 
controlling their hydrological balance also in glacial times (e.g. Zanchetta et al., 2007). 
Finally, by comparing model experiments in which we implemented either endorheic 
or non-endorheic (water 100 % conserved) drainage we found that characteristic 
topographic features of the central Apennines and important aspects of its evolution 




Here we present results mainly from our ‘reference model’ (using !! = 0.10 and 
!! = 50 km) as it shows the general behaviour of the system we model. Varying 
erosional conditions produces slightly different patterns and rates of landscape 
development but does not change the main trend of landscape evolution (see 
Supplementary Materials S4). The surface displacement field (faulting (Fig. 3.2a) and 
regional uplift (Fig. 3.2b) together) produces +1600 m and -900 m of maximum uplift 
and subsidence, respectively, corresponding to maximum rock uplift and subsidence 
rates in between -0.3 and +0.6 mm yr-1 over 3 Myr. The steady-state concavity of 
major river systems crossing both the faulted domain and the foreland area lies 
between ca. 0.35 and 0.6 for the !! and !!  values used in our reference model 
(Supplementary Materials S6). This range encompasses concavity values that are 
typical for steady-state river profiles in general and also corresponds well with those 









these	 localities	 water	 and	 sediment	 exits	 the	 mountainous	 area	 affected	 by	 normal	 faulting.	 For	
model	sensitivity	tests,	see	Supplementary	Materials	S4.	
 
Figures 3.3a-d illustrate over four time steps how the topography evolves through time 
in the reference model. Initially, elevations remain low everywhere (<~500 m during 
the first 1.5 Myr of run-time), since we do not assume any pre-existing topography. 
However, with time, mean elevations in the central part of the model domain increase 
as a consequence of regional uplift (Figs 3.3a-d). Our reference model produces just 
over 1000 m of topography after 3 Myr run-time (Figs 3.3d, 3.4). A local-scale 
morphology of longitudinal ridges and basins develops due to the normal faulting 
superimposed on the regional topography (Figs 3.3d, 3.4). This gradual increase in 
relief at two different spatial scales (regional vs. local-scale) is characteristic of the 
topographic development in our model and is consistent with the topography of central 
Italy today (see Discussion section). While the final regional relief is approximately 
1000 m, the local-scale (~10-20 km) fault-related relief is of the order of hundreds of 
meters, but varies greatly throughout the model (Fig. 3.4). This large spatial variation 
in fault-related relief in our model is caused by variations in fault length, fault spacing, 
the orientation of faults relative to one another, and the position of faults relative to the 
regional uplift field. This is because surface deformation at any location in our model 
is the sum of all surface deformation fields produced by the individual faults plus the 
regional uplift field (Fig. 3.2). Local relief is additionally affected by the degree of 
basin infilling. Because most basins experience, successively, sedimentation and 
incision, the degree of infilling is strongly time-dependent. Another striking feature of 
the final topography is its asymmetry (higher topography on the Adriatic side) even 
though our regional uplift function is symmetrical (lower part of Fig. 3.4). This 
asymmetry is partly due to the SW preferential fault dip in combination with the 
relative small fault spacing (so that the uplift-subsidence fields of individual faults 
overlap), generating higher fault-related topography on the Adriatic side (Fig. 3.2a). 
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However, as discussed below in ‘Regional-scale sediment dispersal’, the asymmetry in 
topography additionally results from different rates of erosion and overall landscape 
evolution between the Adriatic and Tyrrhenian domains.  
Both spatially averaged mean and maximum elevations continue to increase even at 
the end of each model run (Fig. 3.5a). In other words, the landscape does not reach a 
topographic steady state within the 3 Myr time period we consider here. This is 
consistent with the transient landscapes observed today in the central Apennines (e.g. 
Whittaker et al., 2008) and on-going surface uplift (D'Anastasio et al., 2006; 
Serpelloni et al., 2013). In our reference model, steady state is reached approximately 
after 6 Myr, i.e. after twice the normal model run-time. In the central Apennines today 
elevations can exceed 2000 m, while in the model the highest elevations are around 
1000 m. This difference can be attributed to pre-existing topography, something we 














Fig.	 3.4.	 Topographic	 profile	 (top	
panel)	 and	 100-km	 wide	 topographic	
swath	 profile	 (bottom	 panel)	 across	
the	 final	 (3	 Myr)	 topography	 of	 the	
reference	 model	 (transect	 and	 swath	
shown	 in	 Fig.	 3.3d)	 together	 with	
normal	 faults	 (schematic)	 and	 basin	
deposits.	 Vertical	 arrows	 demonstrate	
regional	 and	 local	 scale	 relief	 (see	
main	text).	The	regional	uplift	function	




At the beginning of the experiments, small stream networks initiate over the entire 
model domain. A large number of lakes form particularly in the faulted domain where 
local topographic minima develop in the hanging-wall basins. Each of the drainage 
basins that support lakes are endorheic, i.e. internally drained (see ‘Surface process 
model’). The lakes act as local base-levels and trap all the sediment delivered from 
upstream. Initially, the whole area affected by normal faulting is internally drained, i.e. 
circa 40-50% of the total model domain (Figs 3.3e, 3.5b). However, through time we 
observe a consistent trend of progressive integration of the drainage network, resulting 
in the disappearance of lakes and shrinkage of the total endorheic area (Figs 3.3e-h, 
3.5b). Although both lake and endorheic area show a progressive change over time it 
is important to note that the total surface area occupied by lakes (‘total-lake-area’) 
declines in a different way compared to the total area that is internally drained 
(compare Figs 3.5b and 3.5c). The total-lake-area shrinks from the beginning of the 
model run, with the most drastic decline occurring during the first 1.5 Myr of the 
experiment (from ~24% down to ~7% of the total model domain, see Fig. 3.5c). On 
the other hand, the total endorheic area remains fairly constant until 1.5 Myr and 
successively shrinks in a step-wise manner (Fig. 3.5b). The reason why the total-lake-
area decline is so different from that of the endorheic area (Figs 3.5b-c) is because the 
extent of the endorheic area is determined by the presence of lakes most proximal to 
the coast. For instance the westernmost basin (e.g. Fig. 3.3e) keeps the Tyrrhenian 
flank internally drained until ~1.6 Myr although many lakes upstream have already 
disappeared. The transition from internal to external drainage means that sediment 
produced in the upland area is henceforth transported out of the faulted domain, and 
thus exported to the coast, at localities that we define as fluvial ‘exit points’ (Figs 3.3e-
h). 
Characteristic of the drainage network in general is the strong contrast in drainage 
network geometry, within and outside the central area affected by normal faulting. 
Outside the faulted domain the network has a parallel to slightly dendritic appearance, 
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formed by channels that follow the regional slope of the land surface towards both 
coastlines (Fig. 3.3). Within the central area, however, many streams or stream 
segments flow axially, parallel to fault strike, forming a trellis-like drainage pattern 
(Twidale, 2004). The planview geometry of the drainage network and the position of 
the central drainage divide are established early on and remain fairly stable over time 
(Fig. 3.3). The position of this drainage divide is controlled by the regional uplift field 
















Fig.	 3.5.	 Time	evolution	plots	 showing	
different	 aspects	 of	 modelled	
landscape	evolution.	(a)	Maximum	and	
mean	elevation	calculated	for	the	total	
model	 domain.	 (b)	 Size	 of	 the	 total	
area	 that	 is	 internally	 drained	 (as	 a	
percentage	 of	 the	 total	 model	
domain),	as	indicated	by	the	grey	area	
in	 Figs	 3.3e-h.	 (c)	 Total	 surface	 area	
occupied	 by	 lakes	 (as	 a	 percentage	of	
the	 total	 model	 domain).	 (d)	 Total	
volume	 of	 all	 lakes	 together.	 The	
volume	 of	 each	 individual	 lake	 is	
determined	 by	 calculating	 the	 volume	
of	 water	 that	 is	 needed	 to	 fill	 a	
topographic	 depression	 up	 to	 its	 spill	
point.		(e)	Mean	erosion	rate,	based	on	
the	 total	 area	 experiencing	 erosion	
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3.5.3	 Drainage	integration	
The dominant mechanism that causes drainage integration in our model is what we call 
‘basin overfilling’. By this we mean the filling of basins with sediment up to the 
elevation of their spill-point, i.e. the lowest point on their morphological boundaries. 
When a basin becomes overfilled with sediment the water can spill over and the lake 
environment is replaced by a through-going river system (Fig. 3.6a). From this 
moment onwards, some sediment is still deposited within the basins to balance newly 
created accommodation due to fault-controlled basin subsidence, but most sediment is 
now transported downstream towards other basins (Figs 3.6a, c) or all the way to the 
coast. The long-term regional-scale tendency of basins to become overfilled 
demonstrates that sedimentation rates gradually start to outpace the rate at which 
accommodation is created through basin subsidence. This happens over time as mean 
erosion rates increase owing to an increase in both fault-related and regional relief 
(Fig. 3.5e). This increase in mean erosion rates, in turn, causes a gradual shift in the 
balance between sediment supply and accommodation creation within the basins. 
Using lake volume as a proxy for how undersupplied a basin is we can demonstrate 
this shift (Fig. 3.6b). Lake volumes firstly tend to increase, meaning that the basins 
become increasingly undersupplied. However, this trend reverses as soon as sediment 
supply outpaces accommodation creation causing the lake to shrink and the supporting 
basin to become progressively less undersupplied. It is important to note that each 
individual basin/lake follows its own curve (Fig. 3.6b). In our reference model, the 
total volume of all lakes together increases until circa 1.2 Myr and successively 
decreases thereafter (Fig. 3.5d).  
The order in which the individual basins become overfilled does not follow any clear 
spatio-temporal pattern. For instance within the Tyrrhenian part of the chain interior, 
lakes with either a proximal or distal location relative to the coast disappear early on in 
time (e.g. Fig. 3.3f). Moreover, the longest surviving endorheic basin on the 
Tyrrhenian side has an intermediate position and is not located closest to the central 
drainage divide (Fig. 3.3g). A clear spatio-temporal pattern is lacking because basin 
overfilling is a function of a large number of local factors that affect the balance 
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between sediment supply and accommodation creation. The rate at which 
accommodation is created is not only a function of fault length and slip-rate, but is 
also affected by the position of faults relative to one another. Sediment supply on the 
other hand is controlled by the size of the source area and its internal relief, which are 
also strongly controlled by the pattern of faulting. Furthermore, sediment supply to 










Erosion rate maps (Figs 3.7a-c) show the general pattern of erosion and deposition in 
our reference model: Sediment is mainly produced at the footwall highs and along the 
major river valleys and is deposited in the fault-controlled basins or offshore (outside 
the model boundaries). However, the three different time windows (Figs 3.7a-c) also 
show how sediment dispersal changes over time. The most important regional trends 
are: 1) The gradual increase in erosion rates and hence sediment production due to 
increasing relief, and 2) the progressive decline in deposition in tectonic basins due to 
drainage integration (e.g. compare Figs 3.7a and c). Because less sediment is trapped 
within the basins over time, progressively more sediment becomes removed from the 
faulted domain as the landscape evolves. In other words, there is a delayed export of 
sediment out of the mountain range towards the offshore. 
At a local scale, on the other hand, we observe abrupt shifts between erosion and 
deposition. These shifts are again related to drainage integration that acts as a 
threshold phenomenon. While most basins firstly experience a relative stable phase of 
lake sedimentation (e.g. Fig. 3.7a), they abruptly switch to a fluvial environment with 
strong incision as soon as they become overfilled. Incision initiates in the area of the 
spill-point as a new base-level is established at a lower level and there is an abrupt 
increase in discharge (Figs 3.7b, 3.8a) as the fluvial system becomes connected. 
Lowering of the spill-point, in turn, generates a wave of erosion that starts to 
propagate upstream and deeply dissects the basin fill (Figs 3.7c, 3.8b). In other words, 
in our model, sedimentary basins themselves and their spill-point areas are most prone 
to abrupt local changes in erosion or deposition. All the surrounding terrain 
successively adapts in a more gradual manner. However, it is important to note that 
these local developments, due to drainage integration, strongly affect the downstream 
parts of the catchment. For instance when a basin becomes overfilled, the sediment is 
no longer trapped and is henceforth transported to another basin downstream (Figs 
3.6a, c). Additionally, strong incision commences in the valley in between the basins 
causing the sediment supply to the downstream basin to become enhanced even more. 
 63 
As such, the infilling history of each basin is a function of the infilling histories of all 
the other basins located upstream.  
After 3 Myr of landscape evolution, the Tyrrhenian and Adriatic domains (i.e. 
measured from the central divide) have experienced approximately the same amount 
of erosion (respectively 49 and 51 %; Fig. 3.7d), implying that both offshore areas 
have received similar sediment volumes overall. However, Fig. 3.7d clearly shows that 
erosion is most intense on the Adriatic flank of the central Apennines in our model.  
This is because the SW preferential fault dip is opposite to the regional slope in the 
Adriatic domain, generating higher relief along the flank of the mountain range and 
thus higher erosion rates (Fig. 3.9). The reason why this does not produce a higher 
total sediment output to the Adriatic offshore compared to the Tyrrhenian offshore, is 
that a large part of Adriatic faulted domain is still internally drained after 3 Myr in our 
model (Fig. 3.7c). This latter effect can also be attributed to the structural setting of the 
Adriatic domain (fault dip opposite to regional slope) as it slows down basin 
overfilling and therefore drainage integration. In other words, within the Adriatic 
faulted domain, local relief and therefore sediment delivery to hanging-wall basins are 
relatively low while the rate of accommodation creation is relatively high compared to 
its Tyrrhenian counterpart (Fig. 3.9).  
The offshore as a whole, i.e. the Tyrrhenian and Adriatic coasts together, experiences a 
long-term progressive increase in sediment supply in our model (Fig. 3.5f). At around 
1.9 Myr an abrupt increase in the offshore sediment flux is observed when most of the 
internally drained area on the Tyrrhenian flank becomes fluvially connected to the 
coast (Fig. 3.3f). Every time a significant part of the faulted domain becomes 










Fig.	 3.7.	 (a-c)	 Erosion-deposition	 maps	
showing	 the	 total	 amount	 of	 erosion	 and	
deposition	 that	 occurred	 in	 the	 model	
during	100	kyr	periods,	namely	0.9-1	Myr,	
2.4-2.5	 Myr	 and	 2.9-3	 Myr.	 Yellow	 stars	
correspond	 to	 the	 spill	 point	 of	 Basin	 II	 in	
Fig.	3.6a.	 ‘low	e’	=	 reduced	erosion	within	
the	endorheic	area.	(d)	Cumulative	erosion	
(for	 the	 total	 3	Myr	 time	period)	 summed	
along-strike	 and	 projected	 on	 a	 coast-to-
coast	 transect.	 The	 transect	 has	 been	
divided	 into	 a	 Tyrrhenian	 flank	 domain	
(dark	 shaded	 zone	 on	 left-hand	 side),	 a	
faulted	domain	(white	zone	in	the	middle),	
and	an	Adriatic	flank	domain	(dark	shaded	
zone	 on	 right-hand	 side)	 based	 on	 the	
extent	 of	 the	 area	 affected	 by	 normal	
faulting.	 The	 two	 light	 shaded	 zones	 are	
transition	zones	owing	to	the	3D	geometry	
of	the	fault	array	that	is	projected	on	a	2D	
cross-section.	 ‘low	 e’	 =	 reduced	 erosion	
because	 of	 endorheic	 drainage	 (see	 also	
Fig.	 3.7c).	 Percentages	 show	 the	 relative	
contribution	 of	 the	 total	 Tyrrhenian	 and	
Adriatic	domains	 (both	 including	a	 faulted	
domain	 and	 mountain	 flank	 part)	 to	 the	













Fig.	 3.8.	 (a)	 Erosion/Deposition	 rate	
along	 the	 stream	 shown	 in	 Fig.	 3.6	
(crossing	 2	 distinct	 basins)	 for	 the	
time	 period	 in	 between	 1.7	 and	 2.7	
Myr.	 This	 period	 encloses	 the	 event	
of	 basin	 overfilling	 for	 Basin	 II	 (Fig.	
3.6)	 for	 which	 its	 spill	 point	 is	
marked	 by	 means	 of	 a	 yellow	 star	
(corresponding	to	yellow	stars	in	Fig.	
3.7).	 Black	 lines	 show	 erosion	 rates	
before	 overfilling	 of	 Basin	 II	 takes	
place,	and	red	lines	do	the	same	for	
after	 basin	 overfilling.	 (b)	
Longitudinal	 profile	 along	 the	 same	
stream	 as	 analysed	 in	 (a)	 and	 Fig.	
3.6	 at	 different	 model	 time-steps,	
showing	 the	 way	 in	 which	 the	
stream	 profile	 adapts	 to	 base-level	
change	 following	 basin	 overfilling.	
Although	our	standard	model	time	is	
3	 Myr,	 we	 also	 show	 longitudinal	
profiles	 developed	 after	 3.5	 and	 4	




In this study, surface process modelling is used to investigate the impact of regional 
uplift and normal faulting on long-term landscape evolution across the central 
Apennines. Our model results enable us to improve our general understanding of 
drainage integration in extensional continental areas and allow field observations from 
the Apennines to be evaluated in a temporal perspective.  The benefit of our study lies 
in the simplicity of our model set up. However, it may not explain detailed field 
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The drainage integration trend seen in our model explains the commonly observed 
transition from lacustrine to fluvial sedimentation in basin stratigraphy in the central 
Apennines, followed by strong incision of the basin fill (Cavinato, 1993; Miccadei et 
al., 2002; Pucci et al., 2014). While widespread lacustrine deposition characterised the 
Lower-Middle Pleistocene, progressively more basins became externally drained post 
late Middle Pleistocene (Piacentini & Miccadei, 2014). Our modelling results are 
therefore in general agreement with D’Agostino et al. (2001) in concluding that 
drainage integration in the central Apennines is related to the development of a 
topographic bulge in combination with normal faulting along its crest. However, our 
results allow us to investigate the processes controlling this transition in more detail. 
We compare the final topography (after 3 Myr) from our model with the Digital 
Elevation Model (Tarquini et al., 2007) from the central Apennines (Figs 3.10a, c). 
Both show a combination of long-wavelength and more local-scale fault-related 
topography, demonstrating the importance of both normal faulting and regional uplift 
for landscape evolution in the central Apennines. In addition, our model reproduces 
the observed strong tectonic imprint on the stream network (Figs 3.10b, d). The river 
network has a dominantly along-strike orientation within the faulted domain and 
exhibits a parallel drainage pattern in the tilted foreland areas. Although the modelled 
Fault dip in the same direc!on as 
regional !lt subdues fault-related relief
Low ‘flank relief’ 
produces li"le 







High spill-point height 
slows down drainage 
integra!on




a) Tyrrhenian side b) Adria!c side Fault dip opposite to regional !lt 
direc!on enhances fault-related relief
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and observed stream networks overlap to great extent, the exact catchment geometry 
differs in detail (compare Figs 3.10b and d). This is because catchment geometry in 
extensional settings is strongly controlled by the localities where streams find their 
way across fault-related topography. Because these transverse reaches are sensitive to 
many factors that are not included in our model (e.g. pre-existing topography, 
lithological differences, fault propagation and rock damage, karst drainage, etc.), some 
are not exactly reproduced. An important example is the Popoli gorge that receives 
water from the large Pescara catchment, and is the locality where most surface water 
exits the faulted domain on the Adriatic side (Figs 3.10b, 3.11, 3.12f). In our model, 
there are instead two smaller catchments, one supplying the Sulmona basin (catchment 
‘Y’ in Fig. 3.10d) and the other one in the area around l’Aquila and Campo Imperatore 
(catchment ‘X’ in Fig. 3.10d). This is because the model predicts the presence of two 
main ‘exit points’ instead of one near Popoli (Figs 3.10d, 3.11). Although this is an 
obvious mismatch, we believe it provides some interesting insights. First of all, our 
simple model setup always produces high topography in the area around Popoli 
instead of producing a relative low area that can become an exit point. This suggests 
that active tectonics alone probably cannot explain the Popoli gorge and another factor 
is needed to explain it, e.g. pre-existing topography (Fig. 3.10e, see below) and 
possibly karstification processes (Boni, 2000). Secondly, the localities of the two exit 
points produced by the model actually do coincide with a deeply incised valley that 
receives water from Campo Imperatore and a large windgap in between Maiella and 
Sulmona (Fig. 3.11). Although this valley and windgap may have other explanations 
our results clearly demonstrate that these two localities are favoured as potential exit 
points based on faulting and regional uplift only. 
Evidence for pre-existing topography is clear from the difference in maximum 
elevation (~2000 versus 1000 m) between our model and observations (note different 
colour bar scaling in Figs 3.10a and c, see also Fig. 3.10f). In addition, there is an 
intermediate-scale morphology in the central Apennines consisting of 20-30 km wide 
ridges that cannot be explained by normal faulting alone (Fig. 3.10a). These 
differences are clearly visible in our calculated residual topography (present-day 
topography minus our tectonic uplift function) shown in Fig. 3.10e. Because the 
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landscape morphology in Fig. 3.10e lines up with mapped thrust faults it confirms that 
the central Apennines were likely characterised by significant thrust-related 
topography and deformation structures from the earlier phase of compression prior to 
Quaternary extension. In other words, our model results support the idea that inherited 
thrust-related topography has also contributed to the modern-day landscape, (e.g. 
D’Alessandro et al., 2003) and possibly influenced the extensional fault pattern 
(D’Agostino et al., 1998; Scisciani et al., 2002). However, here we show that inherited 
topography is not a necessary ingredient to produce drainage integration. 
 Even though local peak elevations >1000 m are not reproduced in our model, the 
hypsometric distributions show a striking similarity between model and reality marked 
by a local maximum around 600 m (Fig. 3.10f). In the model this local maximum 
cannot be explained only by the tectonic uplift function, as demonstrated by the 
hypsometric distribution produced by normal faulting and regional uplift only (pink 
line in Fig. 3.10f). It can be explained, however, by the prevalence of internal drainage 
for a considerable part of the 3 Myr model time and the existence of local (perched) 
base-levels. As long as there is internal drainage, rivers transport material towards the 
altitude of their local base-level, leading to the development of a local maximum in the 
hypsometric distribution. The real local maximum in the central Apennines 
corresponds to the elevation of the internally drained Fucino basin, at circa 650 m. The 
Fucino basin remains internally drained today because there is insufficient sediment 
supply compared to the high rate of accommodation creation (see ‘Overspill versus 
headward erosion from the coast’ below). In our model run, the local hypsometric 
maximum corresponds to the local base-level elevation of the l’Aquila - Campo 
Imperatore area that is still internally drained after 3 Myr (Fig. 3.10d). The primary 
reason why drainage integration in this area of the model is slowed down is the 
structural setting of the Adriatic part of the faulted domain where the dominant fault 
dip direction is opposite to the regional slope (Fig. 3.9; see ‘Regional-scale sediment 
dispersal’ in the Model results section).  
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Fig.	 3.10.	 Comparison	 of	 the	 topography	 and	 stream	 network	 of	 the	 central	 Apennines	 with	 our	
reference	model.	(a)	10	m-DEM	of	the	central	Apennines	(Tarquini	et	al.,	2007)	interpolated	at	1	km	
resolution,	 similar	 to	 the	 model	 resolution,	 together	 with	 normal	 faults,	 the	 stream	 network,	 the	
central	water	divide	(for	legend	see	also	Fig.	3.3)	and	the	internally	drained	Fucino	basin	(‘FUC’).	(b)	
Stream	network	and	catchment	geometry	of	the	central	Apennines,	derived	from	the	DEM	shown	in	









also	 (e)).	 These	model	 catchments	 are	 connected	 to	 the	 Adriatic	 foreland	 area	 through	 fluvial	 exit	
points	‘S’	and	‘T’.	(e)	Residual	between	the	DEM	and	the	surface	displacement	field	used	in	our	model.	
The	 residual	 is	 derived	 by	 subtracting	 the	 3	Myr	 surface	 deformation	 field	 (including	 both	 normal	
faulting	and	regional	uplift;	Figs	3.2a,	b)	from	the	DEM	(Fig.	3.10a)	and	has	been	smoothed	by	means	
of	a	Gaussian	kernel	 (sigma	=	4	km)	 in	order	 to	 reveal	 the	main	 topographic	 features.	Main	 thrust	
faults	(modified	from	Miccadei	et	al.,	2017)	are	shown	on	top.	The	morphological	pattern	shown	by	
the	residual	most	likely	reflects	pre-existing,	thrust-related,	topography.	(f)	Hypsometric	distributions	
for	 both	 the	 DEM	 and	 the	 final	 (3	Myr)	 topography	 of	 our	 reference	model	 shown	 in	 (a)	 and	 (c),	
respectively.	
 
Fig.	 3.11.	 Top	 figures:	Google	 Earth	 images	 of	 the	 Popoli	 gorge	 and	 the	 two	modelled	 fluvial	 ‘exit	








Our model results demonstrate that an important mechanism driving drainage 
integration is basin overfilling, i.e. the progressive filling of basins with sediment up to 
the level of their spill-point enabling water to spill over (Fig. 3.6a). We note, however, 
that our endorheic model setup (see Methodology section) does not allow us to 
distinguish basin overfilling from lake overspill, i.e. the spill over of water when the 
lake surface (and not the sediment surface) reaches the altitude of the spill-point. In 
theory the potential for lake overspill is mainly climate-dependent, likely making lake 
overspill more important under wetter climatic conditions (e.g. Heidarzadeh et al., 
2017; House et al., 2008; Garcia-Castellanos et al., 2003). Even though our model 
cannot distinguish between basin overfilling and lake overspill, we can consider them 
both as ‘overspill mechanisms’ (Bishop, 1995; Smith, 2013), as they both act in a 
downstream or ‘top-down’ direction and are mainly controlled by sediment and water 
supply from upstream. Therefore, in turn, we believe our model suggests that overspill 
mechanisms mainly drive drainage integration in the central Apennines (Figs 3.12a, c). 
This finding contradicts previous field-based studies on the central Apennines that 
suggest headward erosion from the coast to be the dominant driving mechanism (Figs 
3.12b, d; D’Agostino et al., 2001; Bartolini et al., 2003), i.e. ‘bottom-up’ fluvial 
integration (Bishop, 1995; Smith, 2013). We do observe headward erosion from the 
coast in our model, but its contribution to drainage integration is negligible, and this 
result is irrespective of the erosional parameters that we use (see Supplementary 
Materials S4).  
It is important to note that there is no reason to expect the contribution of overspill in 
our model to be over-estimated relative to headward erosion. First of all, increased 
sediment supply to hanging-wall basins can only be generated under more erosive 
conditions, which in turn also increases headward erosion. Their relative importance 
thus remains the same and explains why overspill remains the dominant process 
driving drainage integration when varying erosional parameters !!  and !! 
(Supplementary materials S4). Secondly, we do not expect the dominant role of 
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overspill to be related to major assumptions underlying our model setup. If lithology is 
not uniform, as we assume, overspill would most likely become even more important 
as the main lithological contrast between basin alluvium and the more resistant 
bedrock ridges would lead to more rapid excavation of sediment from the basins and 
more rapid incision at the spill-point directly following a drainage integration event 
(e.g. Cowie et al., 2008). Initiating the model with pre-existing topography, on the 
other hand, is likely to increase the rate of basin filling and hence overspill. Increasing 
the model resolution also would not affect our main results because of the strong 
control on the scale of the local relief exerted by the fault pattern. Climatically induced 
sea-level low stands could theoretically enhance headward erosion but are small 
compared to the tectonic uplift. Finally, using an asymmetric regional uplift function 
instead of a symmetric function does not affect the dominant role of overspill in long-
term drainage integration, even though it produces a significantly different landscape 
after 3 Myr (Supplementary Materials S7).  
There are a number of field observations from the central Apennines that point 
towards basin overfilling, or lake overspill, being an important process. The most 
direct evidence comes from the Terni basin in the northwest corner of our study area 
(Fig. 3.1b). Here continental deposits are preserved on top of the adjacent Narnese-
Amarina ridge, marking the location of the former outlet of the Terni basin. The high 
elevation of this former outlet relative to the present-day basin surface shows that the 
basin has been totally filled up to its spill-point and that basin overfilling caused it to 
become interconnected with the Tyrrhenian foreland area (D’Agostino et al., 2001). 
Based on the position of the closed Fucino basin on the central drainage divide and at 
greatest distance to the Tyrrhenian and Adriatic coasts (Fig. 3.10a), previous work has 
argued for headward erosion from the coast to be the main mechanism driving 
drainage integration (D’Agostino et al., 2001). D’Agostino et al. (2001) hypothesise 
that over time all other major and initially endorheic basins have been captured except 
for the Fucino basin, which has ‘survived’ and remained internally drained because of 
its distal position relative to regional (marine) base-level. However, based on our 
results we suggest that the Fucino basin is internally drained today due to an 
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insufficient sediment supply that has been outpaced by fast accommodation creation 
(see also Whittaker et al., 2008). Its stratigraphy does not support the ‘survival-
concept’ as it shows a transition from overfilled to underfilled conditions over time 
(Cavinato et al., 2002) that can be explained by a x3 to x5 increase in slip rate at 
around 1-0.5 Ma along the main basin-bounding fault (Roberts & Michetti, 2004; 
Cowie & Roberts, 2001; Whittaker et al., 2008; Supplementary Materials S8).  Our 
study suggests that the main reason why the Fucino basin is endorheic today is simply 
because its central position within the fault array caused the Fucino fault to become 
the largest and most active fault in the area (Cowie & Roberts, 2001; Roberts & 
Michetti, 2004). In other words, the preservation of the Fucino basin confirms the 
importance of accommodation creation versus sediment supply and hence the major 
role of overspill mechanisms rather than headward erosion from the coast in 
controlling drainage integration. 
Another reason why we do not expect headward erosion from the coast to be important 
for drainage integration in the central Apennines is the small number of fluvial 
connections of significant size between the foreland area and the interior of the 
mountain range. For instance, in the Adriatic domain only one such connection, i.e. the 
Popoli gorge, exists over a total along-strike distance of ~120 km, i.e. between the 
Sangro and Tronto river valleys (Fig. 3.11). Moreover, the young age of the Popoli 
gorge (~400-350 ka according to Miccadei et al., 2002) implies that for most of the 
Pleistocene no fluvial connections existed at all between the mountain range interior 
and the Adriatic foreland area. Although fluvial incision in the foreland areas is clearly 
significant, these field observations suggest that most foreland draining streams have 
not been successful in enlarging their catchments into the faulted domain. Moreover, 
our modelling results support the idea that the Popoli gorge is more likely controlled 
by other local factors like pre-existing topography (Fig. 3.10e), perhaps in 
combination with the collapse of underground drainage (Piacentini & Miccadei, 2014; 






on	 our	model	 results.	 (e)	 Picture	 of	 the	 Sagittario	 gorge	 (see	 Fig.	 3.1b	 for	 locality),	 example	 of	 an	
‘interior	 gorge’	 located	 in	 between	 two	 fault-bounded	 basins.	 It	 cannot	 be	 explained	 by	 headward	
erosion	from	the	coast	but	might	have	formed	as	a	consequence	of	basin	overfilling	(f)	Picture	of	the	




A type of field observation that we also consider as indicative of overspill is what we 
call ‘interior gorges’, i.e. deeply incised river valleys located in the interior part of the 
faulted domain that are not related to an erosional wave propagating upstream from the 
coast (Figs 3.7b, 3.12). Theoretically, this kind of gorge could be produced by 
headward erosion at a more local scale, e.g., by a first-order stream draining an 
individual hanging-wall basin margins. For example, Smith (2013) suggests that inter-
basin headward erosion is favoured when a lower-elevated fault-bounded basin (the 
one containing the headward eroding stream) subsides at a faster rate than an adjacent 
higher-elevated basin (the one becoming captured). Even where these tectonic 
conditions occur (e.g. Fig. 3.6a), overspill can still dominate and can lead to local 
incision and gorge formation between adjacent basins (e.g. Fig. 3.8a). Therefore, based 
on our model results, we expect interior gorges in the central Apennines to be mainly 
produced through overspill-driven drainage integration. One example of such an 
interior gorge is the San Venanzio gorge located between the Lower Aterno valley and 
Sulmona basin (Fig. 3.1b). The fact that alluvial fan deposits at the outlet of the gorge 
interfinger with lacustrine deposits in the Sulmona basin (Cavinato & Miccadei, 2000) 
implies that this gorge was formed before the Sulmona basin was captured by 
headward eroding rivers that drain to the coast. Another example is the Sagittario river 
gorge, also located upstream of the Sulmona basin, but downstream of Lake Scanno 
(Figs 3.1b, 3.12e). The dimensions of this gorge suggest that it cannot be explained by 
an upstream propagating wave of erosion considering its position in the hanging-wall 
of a large normal fault (Fig. 3.1b) and the much more limited amount of incision in the 
downstream Sulmona basin. Therefore, based on our model results, we suggest both 
gorges most likely formed due to overspill from basins located directly upstream, 
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leading to the formation of fluvial connections with the downstream located Sulmona 
basin followed by rapid local incision. 
Finally, our model results are consistent with an increasing number of studies that call 
into question headward erosion as being an important drainage integrating process 
(e.g. Bishop, 1995; Spencer & Pearthree, 2001; Connell et al., 2005; Douglass et al., 
2009; Heidarzadeh et al., 2017). Theoretically, true headward erosion, i.e. the uphill 
lengthening of first-order streams, is expected to be a relatively inefficient process as 
discharge and consequently stream power are low close to the water divide (Bishop, 
1995; Spencer & Pearthree, 2001; Connell et al., 2005). It is potentially relevant at the 
scale of gully systems for which headward erosion has been mainly described, where 
erosion is strongly associated with high runoff events and therefore relatively large 
amounts of water entering the gully heads due to sheet flow (e.g. Bocco, 1991; Bishop, 
1995). We think that the relative inefficiency of headward erosion is clearly 
demonstrated by the drastic increase in incision rate that is generally observed directly 
following a drainage integration event (Fig. 3.8a; see also e.g. Stokes et al., 2002). As 
long as the basin is still internally drained, erosion affecting the basin margins 
proceeds typically at a low rate and can only be explained by headward erosion by first 
order streams. However, as soon as a fluvial connection becomes established, the spill-
point area experiences an increase in discharge and slope causing a rapid increase in 
erosion rates (e.g. Stokes et al., 2002; Smith, 2013; Garcia-Castellanos et al., 2003). 
For instance, for the model river analysed in Figs 3.6 and 3.8, drainage integration 
results in a >6 times increase in incision rate (Fig. 3.8a). Our conclusion is that 
headward erosion may have been invoked too often in regional or catchment-scale 
landscape evolution studies because drainage integration events are usually followed 
by intense erosion so that field evidence necessary for distinguishing between bottom-
up and top-down integration mechanisms tends to become lost (Douglass et al., 2009).  
3.6.3	 Impact	of	drainage	integration	on	sediment	dispersal	
Our model results also have important implications for studying regional-scale 
sediment dispersal in the central Apennines and comparable settings. Top-down (basin 
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overfilling and lake overspill) and bottom-up (headward erosion) mechanisms clearly 
produce different spatio-temporal patterns of sediment dispersal (Fig. 3.12). In the 
case of headward erosion a systematic pattern emerges which is a function of distance 
to the coast (Figs 3.12b, d). The more proximal to the coast the earlier lake 
sedimentation ceases, fluvial activity starts and incision of the basin fill commences. 
In the case of overspill, in contrast, the pattern is complex as local conditions become 
more important (Figs 3.12a, c): Lacustrine sedimentation ceases first in those basins 
that either; i) have relatively high sediment input due to a large source area with high 
relief, ii) have relatively low rates of basin subsidence, or iii) have a relatively low 
spill-point (e.g. due to pre-existing topography). However, in the case of overspill, 
sediment dispersal also strongly depends on the geometry of the drainage network and 
modifications to it over time. For instance, basins experience a significant increase in 
sediment supply when an upstream basin becomes externally drained and its sediment-
fill becomes excavated. In other words, the top-down pattern of drainage integration is 
more difficult to predict because overfilling of a single basin is the integrated effect of 
all landscape developments occurring upstream and depends strongly on the regional-
scale geometry and temporal evolution of the upstream drainage network. The 
temporal evolution of the drainage network, in turn, depends strongly on the growth of 
the extensional fault population (Cowie et al., 2006). 
For the offshore area, our numerical experiments suggest a long-term increase in 
sediment supply due to the progressive increase in regional relief. This corresponds to 
field observations from the Adriatic where strong progradation started ca. 1.8 Ma (e.g. 
Artoni, 2013). On top of this gradual trend, however, our model predicts more step-
wise increases in sediment supply due to drainage integration events. Considering the 
age of the Popoli gorge (~0.4-0.35 Ma; Miccadei et al., 2002), which is the main 
sediment exit point on the Adriatic side of the central Apennines, we would expect a 
sudden increase in sediment to the Adriatic around this time. Based on the limited data 
available, no clear evidence exists that could confirm this but it is possible that the 
increase in sediment supply due to formation of the Popoli gorge is overprinted by 
effects due to a possible acceleration of regional uplift in the Adriatic foreland area 
around circa 0.7 Ma (e.g., Pizzi, 2003). Another implication of our model results is 
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that the Adriatic mountain range flank has likely experienced more intense erosion 
than its Tyrrhenian counterpart (Fig. 3.7d). This is because the dominant SW dip 
direction of the normal faults produces enhanced uplift and high relief driving erosion 
(Fig. 3.9), even though the long-wavelength uplift is symmetric in our model. 
3.6.4	 Transient	 landscape	 evolution	 as	 a	 function	 of	 regional	 uplift	 and	 normal	
faulting		
Our model clearly demonstrates that landscape development in the central Apennines 
is transient even after 3 Myr. Even though the tectonic forcing is constant and climatic 
oscillations are not considered, we show that the landscape adapts continuously to 
modifications to the connectivity of the drainage network. This has an important 
implication because drainage integration represents a transient development that forms 
the background to other transient responses related to changes in allogenic forcing 
such as fault slip rate variations (Whittaker et al., 2008) or climate (Wegmann & 
Pazzaglia, 2009). Therefore we consider drainage integration as an autogenic process 
inherent to many continental extensional systems and recommend it to be considered 
as an important element in future transient landscape studies in such settings. 
Furthermore, our model results suggest that in the central Apennines, drainage 
integration can be explained by the unique combination of normal faulting and 
differential regional uplift. On their own, these individual tectonic processes do not 
lead to drainage integration, either because no closed basins develop (in the case of 
regional uplift only) or because they do not become interconnected over time (in the 
case of normal faulting only). Besides fault development (controlling accommodation 
creation), we believe that the availability of sediment is a crucial factor in driving 
drainage integration and is potentially more important than external base-level fall. 
This means that in settings like the central Apennines where sediment originates only 
from the extensional domain itself, it is of key importance that there is enough relief to 
produce enough erosion and thereby sufficient sediment to fill the basins (favouring 
both basin overfilling and lake overspill). This relief can either be produced by active 
regional uplift or be inherited from pre-extensional times. Because of the high 
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amplitude of regional uplift (up to ~1000 m) across relative short distance (~150 km) 
this requirement is fulfilled in the central Apennines, while the exact pattern of 
regional uplift is less relevant (see ‘Asymmetric uplift experiment’ in Supplementary 
Materials S7).  
In the Basin and Range Province, in contrast, the lack of sufficient relief and hence 
sediment supply may explain why drainage integration at a regional scale (including 
across-strike integration) is, in several areas, less advanced. The lack of relief can be 
overcome if an external sediment source is available (external to the extensional 
domain), e.g. the Gila river system (Arizona) that transports sediment from the 
southern edge of the Colorado Plateau to basins in the southern Basin and Range 
(Dickinson, 2015). Although the Gila river and its tributaries drain most of the fault-
bounded basins in this region, there are also a few basins that remain internally drained 
(Dickinson, 2015). Importantly, these endorheic basins all have a distal position 
relative to the Colorado Plateau (the main sediment source), supporting the idea that 
sediment supply and overspill play a key role in controlling drainage integration. 
Finally our study shows that drainage integration occurs even if both faulting and 
regional uplift accumulate uniformly over time. Although changes in tectonic 
deformation, for example due to fault propagation and interaction (Cowie et al., 2006), 
likely affected the evolution of the central Apennines river network, our model shows 
they are not needed to explain drainage integration. In other words, our simple model 
setup demonstrates that landscape evolution is highly dynamic even if the tectonic 
forcing is not. We expect changes in tectonic conditions over time to have made long-
term drainage integration even more dynamic and to have enabled some basins to go 
through multiple cycles of internal and external drainage (e.g. Galli et al., 2010; see 
also Supplementary Materials S8). Therefore, we expect the trend of lake 
disappearance seen in our model to be even more complex in reality.  
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3.7	 Conclusions	
We have used a surface process model to investigate the phenomenon of drainage 
integration in the actively extending central Italian Apennines. By using a simple 
model setup that accounts for the main aspects of tectonic deformation in this area, i.e. 
regional uplift and normal faulting, we investigated the evolution of drainage 
integration, the roles of the main controlling mechanisms, and its impact on regional-
scale sediment dispersal. Based on our modelling, our specific conclusions are: 
1) Both regional uplift and extensional deformation are important for long-
term landscape evolution in the central Apennines. Together they reproduce 
the main landscape features and essential transient aspects of its evolution, 
in particular, the cessation of lake sedimentation and drainage integration. 
2) Basin overfilling, and hence overspill and drainage integration occur in our 
model because of the increasing relief at both fault-block and regional scales 
that generates more erosion and in turn more sediment supply to basins over 
time. Even for the case of constant fault slip rates, this causes basins to 
become progressively overfilled and eventually a through-going river 
system to develop (e.g. Fig. 3.6). 
3) Our model suggests overspill (basin overfilling and lake overspill) rather 
than headward erosion from the coast to be the dominant fluvial mechanism 
driving drainage integration in the central Apennines, i.e. ‘top-down’ rather 
than ‘bottom-up’ integration (Fig. 3.12). These results are consistent with 
field observations from the central Apennines, in particular the formation of 
‘interior gorges’ (Fig. 3.12), and with an increasing number of other studies 
that call into question headward erosion as being an important process for 
regional-scale drainage integration. 
4) Overspill depends largely on the balance between sediment supply and 
accommodation creation in individual fault-bounded basins. Because both 
of them depend on many local factors and developments along the drainage 
network upstream, basin overfilling does not produce a clear spatio-
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temporal pattern of drainage integration - unlike in the case of headward 
erosion where it depends primarily on distance to the coast in the case of 
Italy (Fig. 3.12). 
5) We show that landscape evolution can be highly dynamic even if the 
tectonic forcing and climate are uniform over time. This is because drainage 
integration causes the landscape to adapt continuously to modifications in 
connectivity of the drainage network. Other processes like fault interaction 
are likely to make drainage integration even more dynamic in reality (e.g. 
enabling some basins to go through multiple cycles of internal and external 
drainage), although it is not needed in order to explain the phenomenon 
itself.  
6) Over long timescales of millions of years, drainage integration produces a 
delayed export of sediment out of the area affected by normal faulting and a 
step-wise increase in sediment supply offshore. At a local scale it leads to 
abrupt changes in erosion/deposition patterns, marked variation in sediment 
supply to basins and hence sedimentary environment (lacustrine vs. fluvial), 
and strong incision following drainage integration events (e.g. Figs 3.7 and 
3.8).  
7) According to our model results, the dominant SW dip of the normal faults in 
the central Apennines favours overspill and therefore drainage integration 
within the Tyrrhenian part of the faulted domain, compared to its Adriatic 
counterpart. The Popoli gorge is an exception that is probably explained by 
local factors. Moreover, this structural asymmetry generates more intense 
erosion on the Adriatic flanks than on the Tyrrhenian flanks of the mountain 
range (e.g. Fig. 3.9).  
8) We suggest that the most important factor for drainage integration to occur 
in continental extensional systems is the availability of sufficient sediment 
relative to the accommodation being created through normal faulting (more 
important than proximity to the coast, or other external base-levels). The 
important role that normal faulting plays both through the uplift of source 
areas and the accommodation creation in hanging-wall basins leads to the 
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conclusion that better understanding of the underlying geodynamic 
mechanism(s) for fault growth is vital. In the case of the central Apennines 
this is likely related to either flow or buoyancy variations in the uppermost 
mantle and associated with surface uplift at a regional-scale (e.g. Faure 
Walker et al., 2012; Cowie et al., 2013; Faccenna et al., 2014). Sufficient 
sediment, on the other hand, can alternatively be provided through (pre-
extensional) inherited relief, strong regional uplift (in case of the central 
Apennines) or an external sediment source (e.g. high topography adjacent to 
the continental rift).  
9) Finally, our results reveal abrupt and complex shifts in patterns of 
erosion/deposition at the fault block scale, suggesting that feedbacks 
between surface processes and fault development may be enhanced, 
potentially contributing to temporal variations in fault slip rates and/or fault 
activity over time (e.g. Maniatis et al., 2009). 
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Drainage networks in continental rifts are generally reported as dynamic features that 
produce transitions between endorheic and exorheic conditions. While this is of major 
importance for landscape development, sediment dispersal, and basin stratigraphy, the 
controls of drainage network evolution across an array of normal fault bounded basins 
are still not well understood. In this study we use the central Italian Apennines – an 
area that has been affected by active normal faulting and regional uplift over the last 
~3 Myrs – to determine the controls on drainage network evolution and its impact on 
transient landscape evolution and basin stratigraphy. We compile previously published 
stratigraphic and fault-related data with new geomorphological constraints for the 
Aterno River system (~1300 km2), for which a wealth of data has been collected 
following the destructive L’Aquila earthquake in 2009. We use this compilation to 
demonstrate how the different basins along the river system were initially isolated 
during the Early Pleistocene but became fluvially integrated with one another and the 
Adriatic coast between ca. 1.2 and 0.65 Ma. We conclude that the spatial and temporal 
pattern of drainage integration is mostly explained by a long-term increase in sediment 
and water supply relative to basin subsidence due to the Early to Middle Pleistocene 
climatic transition, the progressive increase in fault-related topography, and the 
transport of sediment and water down-system as drainage integration occurred. Overall 
we conclude that rates of sedimentation and basin subsidence in the central Apennines 
are well-matched, allowing tipping points between over- and under-filled conditions to 
be easily reached. We also show that consecutive drainage integration events produce 
discrete waves of river incision and terrace formation, and conclude that drainage 
integration is of major importance, at least equivalent to tectonics and climate, in 
controlling transient landscape evolution and rift basin stratigraphy. 
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4.2	 Introduction	
Extensional basins in continental rifts commonly go through both phases of internal 
(endorheic) and external (exorheic) drainage related to temporal changes in the 
connectivity of the river network (e.g., Jackson and Leeder, 1994; Gawthorpe and 
Leeder, 2000; D’Agostino et al., 2001; Connell et al., 2005; Larson et al., 2014; Reheis 
et al., 2014; Duffy et al., 2015; Repasch et al., 2017; Geurts et al., 2018). Endorheic 
basins have their own local base level and support permanent or playa lakes depending 
on the prevailing climatic conditions. Exorheic basins are fluvially connected with 
adjacent basins in an often predominantly axial (parallel to fault-strike) direction. For 
many extensional systems it has been suggested that endorheic drainage predominates 
during early stages of extension and that these initially isolated basins progressively 
become integrated over time, either during the period of active extension (Fig. 4.1A; 
e.g., Gawthorpe and Leeder, 2000; D’Agostino et al., 2001; Duffy et al., 2015; 
Gawthorpe et al., 2018), or after extension has largely ceased (e.g., Meek, 1989; 
Connell et al., 2005; House et al., 2008; Menges, 2008; Phillips, 2008; Larson et al., 
2014; Reheis et al., 2014; Repasch et al., 2017). Despite the major importance of 
drainage network evolution for basin stratigraphy, transient landscape evolution, and 
the propagation of climatic and tectonic signals across the landscape, our 
understanding of this process remains limited (e.g., Gawthorpe and Leeder, 2000; 
Allen and Allen, 2013; Larson et al., 2017; Geurts et al., 2018).  
Long-term drainage integration can be partly explained by fault growth and structural 
linkage of adjacent fault segments that affect the topography of intra-basin areas (e.g., 
Gawthorpe and Leeder, 2000; Cowie et al., 2006). However, it is increasingly 
recognised that the lacustrine-fluvial system itself plays an important role in 
establishing fluvial connections between different basins. One way that the drainage of 
initially isolated basins becomes integrated is by means of upstream-directed (bottom-
up) basin capture by headward eroding rivers (e.g., D’Agostino et al., 2001). Another 
mechanism is the downstream-directed (top-down) successive overfilling and overspill 
of basins (e.g., Geurts et al., 2018). The relative importance of these opposing 
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mechanisms of drainage integration, and how they can be differentiated remains 
contentious (e.g., Bishop, 1995; Douglass et al., 2009; Larson et al., 2017; Geurts et 
al., 2018; Meek, 2019). This is partly because the process of headward erosion is not 
well understood and its efficiency is largely unconstrained (e.g., Douglass et al., 
2009). Conclusive evidence for basin overspill, on the other hand, is often poorly 













However, in extensional areas for which we have sufficient temporal constraints on 
basin stratigraphy, the spatio-temporal pattern of drainage integration might allow us 
to differentiate between them (e.g., Repasch et al., 2017; Geurts et al., 2018).   
One extensional area where the connectivity of the drainage network has clearly 
changed over time is the central part of the Italian Apennines (Fig. 4.2). Since the Late 
Pliocene, ca. 3 Ma, this region has been affected by both regional uplift and active 
extensional deformation, which is accommodated by a ~60 km wide fault array located 
along the crest of the mountain range (Fig. 4.2; e.g., Cowie and Roberts, 2001; 
D’Agostino et al., 2001; Roberts and Michetti, 2004; Faure Walker et al., 2012). The 
presence of lacustrine sediment in the deeper parts of the basin fills has been used to 
argue that most basins were endorheic during early stages of extension, but have 
become fluvially integrated over time (e.g., Cavinato et al., 2000; D’Agostino et al., 
2001; Miccadei et al., 2002; Bosi et al., 2003; Piacentini and Miccadei, 2014). 
Drainage integration has been mainly explained by the active capture of intermontane 
extensional basins by means of headward erosion from the coast (e.g., D’Agostino et 
al., 2001).  
More recently, numerical modelling work (Geurts et al., 2018) has been used to argue 
that drainage network evolution in the central Apennines could alternatively be 
controlled by basin overspill and thus the balance between fault-related basin 
subsidence and the supply of water and sediment to basins (Fig. 4.1B). In this model, 
even when climate is constant, drainage integration results from a long-term increase 
in sediment supply driven by the increase in footwall topography. The modelling 
additionally demonstrates how drainage integration leads to deep fluvial incision and 
terrace formation when the integrated river system geomorphically adjusts to its new 
base level (Fig. 4.1C). 
The aim of this paper is to use field evidence from the central Italian Apennines to 
evaluate the predictions of drainage network evolution of Geurts et al. (2018). We 
focus on the Aterno River system because this area, particularly around the city of 
L’Aquila, has been the focus of substantial research following the major earthquakes 
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in 2009 (e.g., Giaccio et al., 2012; Mancini et al., 2012; Santo et al., 2014; Pucci et al., 
2015; Macri et al., 2016; Porreca, et al., 2016; Nocentini et al., 2017, 2018). We 
integrate published basin stratigraphic data with new geomorphological constraints in 
order to reconstruct the evolution of the Aterno River system over the last 3 Myr. We 
use this dataset to evaluate the main factors and mechanisms controlling drainage 
evolution, and evaluate the impact that drainage network integration has on basin 
stratigraphy and transient landscape evolution. This is the first time, to our knowledge, 
that drainage-network-controlled landscape transience has been evaluated in detail for 
an extensional province that is highly active (regional extension ~3 mm yr-1) and well-
understood in terms of fault development (e.g., Roberts and Michetti, 2004; Cowie et 
al., 2017) and where other factors such as damming of rivers by volcanic activity (e.g., 
Repasch et al., 2017) have not played any obvious role. 
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Fig.	4.2.	(shown	on	previous	page)	(A)	Location	map	of	the	study	area	in	central	Italy.	(B)	Topography	
of	 the	 central	 Apennines	 (DEM	 from	 Tarquini	 et	 al.	 (2007))	 with	 the	 drainage	 network	 and	 active	
normal	faults	(modified	from	Roberts	and	Michetti,	2004).	It	also	shows	the	catchment	of	the	Aterno	




The broad morphology of the Italian Apennines results from convergence between the 
African, Adriatic and Eurasian plates and has led to the formation of a Neogene NE-
verging imbricate fold and thrust belt (e.g., Patacca et al., 1990; Royden, 1993). In the 
central Apennines subduction of oceanic lithosphere ceased by around 6 Ma, and 
thrust sheets mainly consisting of Mesozoic platform limestone are locally overlain by 
syn-tectonic Miocene flysch (Fig. 4.2; Patacca et al., 1990; Montone et al., 2004; 
Vezzani et al., 2010). Since approximately 3 Ma, the interior part of the central 
Apennines has been affected by extensional deformation accommodated by a >60 km 
wide array of mainly southwest dipping normal faults (Lavecchia et al., 1994; Cowie 
and Roberts, 2001; Roberts and Michetti, 2004; Fig. 4.2). Stratigraphy in the 
hangingwall basins to these normal faults has been dated using palaeontology and 
tephrochronology and indicate that extension started in what is now the area of the 
Central Apennines at ca. 3-2.5 Ma (Cosentino et al., 2017).  
Contemporaneously with extension, the central Apennines has also undergone >800 m 
differential uplift relative to the Adriatic and Tyrrhenian coastlines (e.g., D’Agostino 
et al., 2001; Centamore and Nisio, 2003; Pizzi, 2003; Ascione et al., 2008). The long-
term development of this regional topographic ‘bulge’ that extends >200 km along-
strike along the Italian Peninsula is evidenced by marine shorelines perched at least 
several hundreds of meters above sea level (D’Agostino et al., 2001; Mancini et al., 
2007) and shoreface deposits of Early Pleistocene age, fringing the Tyrrhenian and 
Adriatic flanks of the central Apennines (Pizzi, 2003; Cantalamessa and Di Celma, 
2004; Artoni, 2013). Prior to regional uplift, the area was close to sea level allowing 
marginal marine and brackish sediment to accumulate at the base of some of the 
extensional basins (Gliozzi and Mazzini, 1998). 
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Fig.	 4.3.	 (shown	 on	 previous	 page)	 (A)	 Topography	 of	 the	 Aterno	 River	 catchment,	 showing	 the	
location	 of	 the	 Aterno	 River	 that	 successively	 crosses	 the	 Montereale	 (MTR),	 Barete-Pizzoli	 (BPZ),	
L’Aquila-Scoppito-Bazzano	(ASB),	Paganica-San	Demetrio	(PSD),	Lower	Aterno-Subequana	(LAS),	and	
Sulmona	 (SUL)	 basins.	 It	 also	 shows	 the	 location	 of	 bedrock	 gorges	 and	 the	 location	 of	 the	
stratigraphic	 cross	 sections	 shown	 in	 Fig.	 4.7.	 (B)	 Lithology	 of	 the	 Aterno	 River	 catchment,	 the	
location	 and	 geometry	 of	 the	 six	major	 extensional	 basins,	 and	 the	main	 tributaries	 of	 the	 Aterno	
River. 
Today, much of the area lies at a mean elevation >800 m and elevations in the 
Apennines reach >2500 m in the footwalls of the largest normal faults. Total throw 
estimates along the faults vary across the area, but tend to be greatest (up to 2200 m) 
across the more centrally located, higher elevation fault segments, which have lengths 
of up to 40 km (Cowie and Roberts, 2001; Roberts and Michetti, 2004). Geodetic 
levelling and GPS velocity measurements over a length scale of 100-150 km suggest a 
regional extension rate of ~3 mm yr-1 and an uplift rate of ~1 mm yr-1 in the interior 
part of the central Apennines (D’Anastasio et al., 2006; D’Agostino et al., 2011; 
Serpelloni et al., 2013; Faccenna et al., 2014). Surface uplift, regional extension rates, 
topographic elevation, and also the width of the mountain range are all enhanced 
compared to along-strike adjacent parts of the Apennines, suggesting that the 
magnitude of uplift and extension are coupled to the same underlying geodynamic 
mechanism (Faure Walker et al., 2012). While the broad relationship between 
thrusting and extension in Italy has been argued to be driven by roll-back of what is 
now the Calabrian Arc (e.g., Magni et al., 2014), it is generally accepted that the 
magnitude of active surface uplift and extensional faulting over the last ~3 Myr in the 
Central Apennines must also be the result of dynamic, mantle-driven processes (e.g., 
Cavinato and De Celles, 1999; D’Agostino et al., 2001; Faccenna et al., 2014).  
The highest Holocene throw rate estimates that exist for faults located in the central 
Apennines reach up to ~1-2 mm yr-1 (e.g., Roberts and Michetti, 2004; Lavecchia et 
al., 2012; Cowie et al., 2017). These fault throw rates, combined with the measured 
geological throws would suggest basin initiation ages that would be substantially 
younger than 3 Ma. Consequently, Roberts and Michetti (2004) argue that faults in the 
central Apennines had throw rates in the order of 0.3-0.35 mm yr-1 during early stages 
of extension, which then increased for some faults as fault segments evolved, 
interacted and/or linked. Both structural and geomorphological studies suggest that 
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faults located in the central and highest elevation areas of the array increased their slip 
rate at ca. 0.8 Ma, whereas faults nearer the edge of the fault array either kept a more-
or-less constant slip rate, or became inactive (Cowie and Roberts, 2001; Roberts and 
Michetti, 2004; Whittaker et al., 2007, 2008). Along some faults, slip rates decreased 
because of a shift in the locus of activity to neighbouring faults (e.g., Giaccio et al., 
2012; Cosentino et al., 2017).  
The numerous hangingwall basins in the central Apennines are filled with up to 900 m 
of continental deposits (e.g., Cavinato et al., 1993; Cavinato and Miccadei, 2000; 
Cavinato et al., 2002; Miccadei et al., 2002; Nocentini et al., 2017, 2018). The 
sedimentological characteristics of these deposits are highly variable, comprising 
fluvial and proximal deltaic sands and conglomerates, distal lacustrine silts and clays, 
and poorly sorted basin margin deposits originating from debris flows and various 
types of mass wasting. Most basin stratigraphies, except from the closed Fucino basin 
(Fig. 4.2), show a long-term transition from mainly lacustrine to fluvial deposition or 
fluvial incision, which can be explained by the reorganisation and long-term 
integration of the drainage network (D’Agostino et al., 2001; Bartolini et al., 2003; 
Piacentini and Miccadei, 2014; Geurts et al., 2018). Although many basins show this 
long-term trend, there is considerable variability of stratigraphy and evolution between 
them that is still largely unexplained (e.g., Bosi et al., 2003; Cosentino et al., 2017).  
Various types of palaeoenvironmental records from central Italy in combination with 
sedimentological and geomorphological observations from the central Apennines 
demonstrate the impact of Quaternary climatic changes on erosion and sediment 
transport. Tucker et al. (2011) demonstrate that limestone weathering in the central 
Apennines occurred more than 10 times faster during the Last Glacial Maximum 
(LGM) because of frost cracking and reduced vegetation cover, producing enhanced 
erosion rates up to 30 times higher than Holocene values. While palynological records 
and hydrological models suggest precipitation during the LGM was similar to today or 
even slightly reduced (e.g., Ramrath et al., 1999; Jost et al., 2005; Wu et al., 2007), 
lake-level reconstructions imply considerably wetter conditions (Giraudi, 1989; 
Giraudi and Frezzotti, 1997). This discrepancy can be explained by the presence of 
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discontinuous permafrost and glacial meltwaters that increased runoff (Giraudi and 
Frezzotti, 1997; Bogaart et al., 2003; Kettner and Syvitski, 2008; Tucker et al., 2011). 
Higher lake levels may have also resulted from a higher precipitation/evaporation ratio 
during cold glacial conditions. Enhanced discharge for mountain streams is also 
supported by the coarser calibre of clasts observed in fluvial conglomerates formed 
during glacial times (Whittaker et al., 2010; Whittaker and Boulton, 2012). 
4.4	 	Data	and	methodology	
Our approach is to integrate geomorphological and stratigraphic data for the present-
day Aterno River system (Figs. 4.2 and 4.3). Our focus is to identify changes to the 
drainage pattern of this river system over the last 3 Myr, in particular drainage 
integration and isolation events, which influenced the connectivity between the 
different basins along the Aterno River. We assume the locations of the main valleys 
and hangingwall depocentres of the Aterno River system were established during the 
early stages of extension and have remained largely unchanged since then. We base 
this assumption on the observation that the boundary of the Aterno drainage network 
today is confined by high topography, by the pattern of active normal faulting (Roberts 
and Michetti, 2004; Nocentini et al., 2017, 2018) and by the structures inherited from 
the earlier phase of compressional tectonics (e.g., Piacentini and Miccadei, 2014; 
Geurts et al., 2018); these structures equally limit the spatial extent of Early to Middle 
Pleistocene hangingwall lacustrine sediment. Only in the Castelnuovo sub-basin (see 
below and Fig. 4.3), is there evidence that a valley formerly linked with the Aterno 
system now drains elsewhere. Consequently, as we discuss in detail in the results, the 
Aterno River system today spatially integrates these previously endorheic sub-basins 
via low elevation ‘spill-points’ that lie between them. 
4.4.1.	River	profile	and	terrace	analysis	
We used the longitudinal profile of the Aterno River to assess whether the river system 
is undergoing a transient erosional response to drainage integration over time. We 
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extracted this from a 10 m DEM of central Italy (Tarquini et al., 2007) and manually 
identified marked concave reaches and knickzones (i.e., over-steepened or convex 
reaches). For all knickzones we evaluated whether they could be explained by 
lithological contrasts using detailed geological maps from the area (e.g., Vezzani and 
Ghisetti, 1998). For lithological contacts between flysch and limestone in the western 
part of the central Apennines, Whittaker et al. (2008) estimated a maximum convexity 
height of ~100 m upstream of these boundaries for small streams with a drainage area 
of ~10 km2. Even though the lithological contrasts in our study area mainly comprise 
limestone-alluvium alternations, the 10 to 100 times larger drainage area of the Aterno 
River is expected to strongly limit the heights of lithology-related knickzones as a 
higher discharge increases stream erosivity (Stock and Montgomery, 1999).  
We also evaluated whether the knickzones along the Aterno River could be explained 
by a transient response to fault slip acceleration. For fault block-scale catchments in 
the western part of the central Apennines, Whittaker et al. (2007, 2008) demonstrated 
how streams had steepened and narrowed their channel directly upstream of faults that 
had been documented to have increased their slip rate ca. 0.8 Ma. Based on the 
position of knickzones relative to the pattern of active normal faults that are mapped 
for the Aterno River catchment (Roberts and Michetti, 2004; Nocentini et al., 2017, 
2018), we therefore evaluated whether any knickzones could be explained by an 
increase in slip rate on these faults since their initiation (Cowie and Roberts, 2001).  
For knickzones for which a lithological and/or fault-related origin could be excluded, 
we evaluated whether they could be produced by drainage integration events, i.e., two 
different river profiles becoming one. First we looked for transitions from lacustrine to 
fluvial sedimentary facies in the basin located upstream of the knickzone, something 
we explain in more detail below (in Section 4.5.2). In the case of a drainage 
integration event, the transition from endorheic to exorheic conditions in the upstream 
basin is expected to lead to river incision and the formation of a depositional terrace 
that primarily consists of endorheic (often lacustrine) sediment (e.g., Garcia-
Castellanos et al., 2003; Connell et al., 2005; House et al., 2008; Menges, 2008; 
Larson et al., 2017; Repasch et al., 2017). Therefore we analysed the character of the 
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main depositional terraces in each basin using geological maps, cross sections and the 
DEM of the area (Miccadei et al., 2002; Bosi et al., 2004; Chiarini et al., 2014; 
Piacentini and Miccadei, 2014; Nocentini et al., 2017, 2018) and estimated their top 
elevation. When estimating the elevation of the individual terraces, we attempted to 
use only terrace remnants whose elevation relative to the Aterno River was not 
expected to be significantly affected by active faulting (see Supplementary Materials 
A for details).  
4.4.2.	Basin	stratigraphy	
We compiled and compared the infilling histories of six major fault-controlled basins 
to reconstruct the development of the Aterno River system, and synthesised published 
stratigraphic data from these basins into one integrated stratigraphic scheme. These 
basins comprise the Montereale basin (MTR), the Barete-Pizzoli basin (BPZ), the 
L’Aquila-Scoppito-Bazzano basin (ASB), the Paganica-San Demetrio basin (PSD), the 
Lower Aterno-Subequana basin (LAS), and the Sulmona basin (SUL; Fig. 4.3). The 
data come from numerous detailed studies of individual basins (Miccadei et al., 2002; 
Bosi et al., 2004; Chiarini et al., 2014; Pucci et al., 2015; Gori et al., 2017; Nocentini 
et al., 2017, 2018) but also from some studies that compared several basins from the 
central Apennines with one another (e.g., Bosi et al., 2003). To evaluate the impact of 
extensional faulting on basin geometry, we additionally compiled data on the total 
sediment thickness from seismic and borehole studies (Miccadei et al., 2002; Santo et 
al., 2014; Chiarini et al., 2014; Gori et al., 2017).  
We identified in each basin’s stratigraphic record units that likely formed when basins 
were underfilled – indicated by the widespread presence of lacustrine (or palustrine) 
sediment. We used these units to identify when the basin likely did not have any 
fluvial outlet (i.e., endorheic drainage). In contrast we assumed the presence of fluvial 
stratigraphy to reflect phases in a basin’s evolution when overfilled and exorheic 
conditions occurred, i.e., when basins were fluvially connected with their downstream 
neighbour or with the Adriatic coast. In the central Apennines, lacustrine deposits 
comprise a number of different facies. Most important for our identification of 
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underfilled conditions were deep lake deposits that generally comprise white-grey, 
laminated to massive calcareous clays and silts with occasional intervening layers of 
sand or gravel (e.g., Miccadei et al., 2002; Gori et al., 2017; Nocentini et al., 2017, 
2018). The input of coarser clastic material typically becomes more abundant towards 
the basin margins where the deep-water facies pass laterally into either delta, alluvial 
fan or slope deposits. To estimate the timing of these transitions we used age estimates 
from lacustrine or fluvial units that encompass the transition most precisely. These age 
estimates are provided by published palaeomagnetic, biostratigraphic and tephra 
analyses, the latter comprising both lithotype analysis and radioisotope dating (e.g., 
Galli et al., 2010; Magri et al., 2010; Palombo et al., 2010; Giaccio et al., 2012; 
Mancini et al., 2012; Chiarini et al., 2014; Gori et al., 2015, 2017; Nocentini et al., 
2017, 2018). 
In addition, we examined vertical facies successions to provide insight into changes in 
the balance between sediment supply and basin subsidence (in volumetric terms) and 
to identify major shifts in depositional environment associated with abrupt lacustrine 
deepening, shallowing, or with fluvial incision. Most important were shallowing-
upward stratigraphic motifs, for instance deep lake facies passing gradually upward 
into prograding delta deposits, which suggest a change from under- to overfilled 
conditions. We also integrated information on the sedimentary contact between 
lacustrine and fluvial units, for instance whether it is an erosional unconformity or a 
gradual transition. Furthermore, we made a compilation of the stratigraphic cross 
sections that are available for the four southernmost basins, i.e., the ASB, PSD, LAS 
and SUL basins, as these provide insight into the stratigraphic position of the different 
units relative to one another, their geometry, and potential shifts in fault activity over 
time. These published cross sections are primarily based on well logs, and in some 
cases, additionally on seismic profiles (Miccadei et al., 2002; Piacentini and Miccadei, 
2014; Nocentini et al., 2017, 2018). We used the amount of relief of the top surface of 
the endorheic basin fill to estimate the amount of incision that followed drainage 
integration events. The final preserved thicknesses (without decompaction) and ages of 
the lacustrine units were also used to estimate long-term sedimentation rates. Given 
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that part of these lacustrine records may have been eroded as a consequence of 
drainage integration events, these sedimentation rates are minimum estimates. 
In general, we focus on the stratigraphic and geomorphological observations that are 
most closely related to the development of the Aterno River, however, many 
observations come from incised terraces along the basin margins. Even though this 
generates uncertainties, we believe the available data from the Aterno River catchment 
is sufficient to allow us to reconstruct the development of the axial parts of the basins 
to first order. This approach also explains the way we analysed the Paganica-San 
Demetrio (PSD) basin that is commonly considered as a sub-basin of the much larger 
Paganica-San Demetrio-Castelnuovo basin (Fig. 4.3B). We focused mainly on the 
PSD sub-basin as it has recorded not only the Early (to early Middle) Pleistocene lake 
that covered both the PSD and Castelnuovo sub-basins, but also the successive 
development of the Aterno River.  
4.5		 The	Aterno	River	system	and	associated	rift	basins	
The Aterno River is the largest river system draining the Adriatic domain of the 
central Apennines (Figs. 4.2 and 4.3). It has a length of ~100 km, a drainage area of 
~1300 km2, and flows axially over most of its length (i.e., approximately parallel to 
fault strike). Within its catchment, elevations vary between ~2500 and 250 m above 
sea level. Even though the river is perennial and has continuous flow throughout most 
years, it is characterised by a highly variable, seasonal discharge regime with a 
modern-day minimum, mean and maximum discharge of ~0.08, 5.2 and 143 m3/s 
within its downstream reach, near its entrance to the San Venanzio gorge (Lastoria et 
al., 2008; Fig. 4.3A).  
The headwaters of the present-day Aterno River are located in the uplands surrounding 
the Montereale (MTR) basin (Fig. 4.3). The river first flows across the MTR basin (at 
~820 m elevation) and through the Marana gorge in a southwest (across-strike) 
direction for ~10 km. Downstream of the MTR basin the river starts flowing in a 
predominantly southeast (along-strike) direction over a distance of ~85 km, across 
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successively the Barete-Pizzoli (BPZ), L’Aquila-Scoppito-Bazzano (ASB), Paganica-
San Demetrio (PSD), and Lower Aterno-Subequana (LAS) basins. Downstream of the 
LAS basin the river flows through the San Venanzio gorge and continues across the 
Sulmona (SUL) basin where it turns to the northeast (across-strike) and meets with the 
Sagittario River at ~250 m elevation. From here the combined Aterno-Sagittario River 
continues in a northeast direction through the Popoli gorge and into the Adriatic 
foreland area where it is called the Pescara River (Fig. 4.3). 
4.5.1.	River	profile	and	terrace	analysis	
Figure 4.4A shows the DEM-derived longitudinal profile of the Aterno River as well 
as its downstream continuation as the Pescara River towards the Adriatic coast. The 
longitudinal profile reveals three large, convex-up knickzones (each >100 m high), 
which have been ground-truthed by field surveys (yellow in Fig. 4.4B). The most 
prominent knickzone lies directly upstream of the SUL basin, at ~250 m, where the 
Aterno River flows through the San Venanzio bedrock gorge from the LAS basin. This 
knickzone extends approximately 30-35 km upstream, to an elevation of ~550-575 m 
(Fig. 4.4A and B). In detail, this convex reach itself comprises a number of small-scale 
convexities, which can be partly attributed to alternations between limestone bedrock 
and alluvium, e.g., around the Acciano bedrock gorge (Fig. 4.4A and C).  
A second, large convex reach with a height and length of ~100 m and 10 km, 
respectively, is located in between the two most upstream basins, the MTR and BPZ 
basins (Fig. 4.4A and B). Along this reach the Aterno River crosses both the active 
Monte Marine Fault (also known as Barete Fault; Roberts and Michetti, 2004) and the 
Marana and San Pelino bedrock gorges, located in the footwall and hangingwall of the 
Monte Marine Fault, respectively (Fig. 4.4A and B). Between these two major convex 
reaches, the overall shape of the Aterno longitudinal profile is concave, except for a 
number of knickpoints smaller than 30 m (Fig. 4.4A and B). Along the Pescara River, 
i.e., in between the downstream end of the Aterno River and the Adriatic coast, the 
longitudinal profile exhibits another convexity that is ~15 km long and 150 m high 
between the SUL basin and the foreland area (Fig. 4.4A and B). Here the river  crosses  
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and	 pink	 dashed	 lines	 show	 the	 approximate	 elevation	 of	 the	 sedimentary	 contact	 between	 the	
endorheic	 (lacustrine/palustrine/deltaic)	 and	 exorheic	 (fluvial)	 sediment	 in	 the	 four	 southernmost	
basins,	 based	 on	 the	 cross	 sections	 shown	 Fig.	 4.7.	 Also	 shown	 are	 the	 approximate	 upper-	 and	
lowermost	 elevation	 of	 the	 basin	 sedimentary	 fills.	 The	 upper	 elevations	 are	 based	 on	 the	 top	




constrained)	 terraces	 consisting	 of	 fluvial	 and	 lacustrine	 sediment.	 The	 elevation	 of	 its	 top	 surface	
varies	considerably	across	the	basin,	likely	because	of	differential	basin	subsidence.	(3)	Terraces	with	
top	elevations	of	~650-670	m,	consisting	of	 late	Middle	Pleistocene	 (~MIS5a)	 fluvial	gravel	deposits	
belonging	to	the	‘Fosso	Vetoio	Synthem’	according	to	Nocentini	et	al.	(2017).	(4)	Main	(active)	fluvial	
plain	 in	 the	 Bazzano	 sub-basin	 at	 ~590	 m	 elevation.	 Large	 elevation	 difference	 (>50	 m)	 between	
uppermost	 terraces	 between	 the	 areas	 up-	 and	 downstream	 of	 L’Aquila	 can	 be	 explained	 by	 the	
temporal	 blocking	 of	 the	 river	 valley	 by	 >50	 m	 thick	 rock	 avalanche	 deposits	 during	 the	 Middle	





to	 explain	 25	m	 high	 terrace	morphology	 in	 this	 area.	 (7)	 Terraces	 consisting	 of	 Early	 Pleistocene	
lacustrine	and	fluvial	deposits	with	top	elevations	at	~550-600	m	elevation	close	to	the	Aterno	River.	
(8)	‘Terrazza	Alta	di	Sulmona’	at	~350-400	m	elevation	consisting	primarily	of	>50	m	of	fluvial	gravel,	
in	 turn	 overlying	 Early	 to	 early	Middle	 Pleistocene	 lacustrine	 sediment	 (Miccadei	 et	 al.,	 2002).	 (B)	
Large	 convex	 reaches	 (yellow),	 smaller	 convexities,	 tributary	 confluences,	 and	 drainage	 area	




upper	 limit	 is	 located	 at	 approximately	 550	 m,	 near	 Campana,	 i.e.,	 approximately	 at	 the	 border	
between	 the	 PSD	 and	 LAS	 basins.	 Therefore,	 we	 show	 both	 the	 550	 and	 575	 m	 contour	 lines	 to	
illustrate	the	approximate	area	of	fluvial	incision	caused	by	knickpoint	propagation.	
 
the Popoli gorge and the tip of the Monte Morone Fault (also referred to as the 
Sulmona Fault; Roberts and Michetti, 2004). 
Along much of its course, the modern-day Aterno River has an incised position within 
the youngest parts of the basin fills (Fig. 4.4A). Either depositional or erosional 
terraces with top elevations less than 10-20 m above the Aterno thalweg have been 
described for the ASB, PSD, and SUL basins and are interpreted to be a product of the 




drainage	 integration	 between	 the	 LAS	 and	 SUL	 basins.	 These	 terraces	 largely	 consist	 of	 lacustrine	
sediment	 with	 fluvial	 gravels	 on	 top,	 suggesting	 the	 basin	 to	 have	 become	 overfilled.	 Overspill	
towards	the	SUL	basin	(ca.	0.7	Ma)	led	to	the	formation	of	a	through-going	river	system	that	started	
to	incise	sediment	in	the	LAS	basin	and	to	transport	sediment	towards	the	SUL	basin,	where	it	initially	
formed	 a	 large	 alluvial	 fan	 system	 where	 the	 downstream	 end	 of	 today’s	 San	 Venanzio	 gorge	 is	




However, in many basins we also observe at least one significantly higher depositional 
surface that forms the upper limit of the basin fill and has elevations that vary in 
between 30 and 150 m above the Aterno River (Fig. 4.4A). The most prominent of 
these depositional surfaces, varying between ~550 and 600 m elevation, are within the 
LAS basin (Figs. 4.4A and 4.5A; e.g., Gori et al., 2017), and the extensive ‘Terrazza 
Alta di Sulmona’ at ~350-400 m elevation in the SUL basin (e.g., Miccadei et al., 
2002). It is important to note that the age and sedimentological characteristics of these 
prominent terraces vary among the different basins (Fig. 4.4A; see Supplementary 
Materials A for details). However, what they have in common is that they may all 
relate to the integration of the drainage network, and we develop this idea further 
below. 
4.5.2.	Basin	stratigraphy	
The total thickness of syn-rift sediments varies considerably along the Aterno River 
from zero within the bedrock limestone reaches to more than 400 m within the deepest 
hangingwall basins (grey shading, Fig. 4.4A). This spatial variability can be largely 
explained by the pattern of extensional faulting. Within individual basins, there is 
significant variability in sediment thickness, as for instance within the ASB, PSD, and 
LAS basins. This intra-basin variability can primarily be explained by the fact that 
many of these large basins are controlled by multiple faults. Moreover, in some basins, 
transverse faults (i.e., striking approximately SW-NE) additionally affect basin 
geometry and hence the pattern and rates of basin subsidence (e.g., Santo et al., 2014; 
Gori et al., 2017). 
Figure 4.6 summarises the stratigraphy for each basin along the Aterno River, and Fig. 
4.7 shows stratigraphic cross sections through the four southernmost basins. For most 
basins the onset of infilling is poorly constrained to the beginning of the Early 
Pleistocene based on the regional onset of extensional faulting in this area 
(D’Agostino et al., 2001; Cosentino et al., 2017). In case of the PSD and ASB basins, 
however, biostratigraphic dating suggest that sedimentation started at, or before, the 
Pliocene-Pleistocene transition (Cosentino et al., 2017;  Fig.  4.6).  In  this  section  we  
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Fig.	 4.6.	 (shown	 on	 previous	 page)	Main	 stratigraphic	 units	 for	 each	 basin	 along	 the	 Aterno	 River	
system	and	the	approximate	timing	of	fluvial	integration	with	their	downstream	neighbour	(see	large	
dark	 blue	 arrows).	 Key	 references	 are	 provided	 below	 each	 individual	 basin	 column.	 (1)	 Early	
Pleistocene	isolation	of	sub-basins	in	the	MTR	basin	evidenced	by	flyschoid	and	calcareous	sediment	
in	 the	NE	and	SW	sub-basins,	 respectively.	 (2)	Sub-basin	 integration	caused	by	 sub-basin	overfilling	
evidenced	by	the	appearance	of	flyschoid	gravel	in	the	SW	sub-basin.	(3)	Deep	(>40	m)	fluvial	incision	
during	 the	 early	 Middle	 Pleistocene	 likely	 related	 to	 integration	 with	 downstream	 BPZ	 basin.	
Subsequent	 infilling	of	 incised	channels	with	tephra-	and	organic-rich	sediment.	 (4)	Fluvial	sediment	
with	reversed	magnetic	polarity	in	the	windgap	between	BPZ	and	ASB	basins	suggest	a	through-going	
river	 system	 to	 have	 formed	 sometime	 during	 the	 Early	 Pleistocene,	 however,	 exact	 timing	 of	
drainage	integration	is	poorly	constrained.	(5)	Aterno	River	channel	has	an	incised	position	(up	to	~50	
m)	within	Early-Middle	Pleistocene	sediment,	however,	the	origin	(fluvial	or	fault-related)	and	age	of	
these	 terraces	 are	 not	 constrained.	 (6)	 Transition	 from	 alluvial	 fan/slope	 deposits	 to	 lacustrine	
sediment	 biostratigraphically	 dated	 to	 2-1.7	Ma.	 Locally	 this	 transition	 comprises	 a	 period	 of	 non-
sedimentation	and	soil	development	(e.g.,	on	abandoned	fan	surfaces	and	fault-related	terraces).	(7)	










followed	 by	 the	 onset	 of	 strong	 fluvial	 incision.	 (12)	 Top	 of	 the	 Early	 to	 early	 Middle	 Pleistocene	
lacustrine	 unit	 (unit	 ‘SUL6’	 according	 to	 Giaccio	 et	 al.,	 2013)	 estimated	 to	 ca.	 650	 ka,	 assuming	 a	
constant	sedimentation	rate	and	extrapolating	 from	a	40Ar/39Ar	dated	tephra	 layer	 from	ca.	724	ka	
(Zanchetta	et	al.,	2017).	(13)	First	main	phase	of	incision	in	the	Sulmona	basin,	with	soil	development	
on	 the	 abandoned	 terraces.	 End	 of	 this	 phase	 is	 well	 constrained	 by	 a	 thick	 527	 ka	 tephra	 layer	
observed	 directly	 above	 the	 palaeosol	 (Zanchetta	 et	 al.,	 2017).	 (14	 and	 15)	 Strong	 aggradation	
between	ca.	530	and	135	ka,	causing	the	deposition	of	lacustrine	sediment	in	the	downstream	part	of	
the	basin	 (near	the	Popoli	gorge)	and	>50m	of	 fluvial	gravel	across	the	remaining	part	of	 the	basin	
(Miccadei	et	al.,	2002).	(16)	Around	135	ka,	a	second	main	phase	of	 incision	started	in	the	Sulmona	
basin,	however,	which	was	periodically	affected	by	 travertine	 formation	within	and	downstream	of	
the	Popoli	gorge	 (Lombardo	et	al.,	 2001)	 (17)	Temporal	 re-establishment	of	underfilled	 /	 lacustrine	
conditions	during	the	late	Middle	Pleistocene	in	the	Bazzano	sub-basin	(e.g.,	Macri	et	al.,	2016).	
 
describe the most important aspects of the individual basin stratigraphies that provide 
insights into when and where endorheic or exorheic conditions existed, and how 
transitions between them might have occurred. We mostly adopt lithofacies names 
instead of local formation names in order to increase the readability of the paper, and 
partly because there is no general agreement on the formation names. 
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-	Predominant	lacustrine	sedimentation	during	the	Early	to	early	Middle	Pleistocene	-	
In all basins the Early to early Middle Pleistocene stratigraphy consists at least partly 
of lacustrine sediment (Figs. 4.6 and 4.7). In the most upstream MTR basin, Early to 
early Middle Pleistocene lake sediments have been observed in its north-eastern sub-
basin (Fig. 4.6; Chiarini et al., 2014). Early Pleistocene lake sediments have also been 
documented for the adjacent basin, the BPZ basin (Bosi et al., 2004; Piacentini and 
Miccadei, 2014), however, its spatial extent and age is poorly constrained. In all the 
other basins farther downstream, i.e., the ASB, PSD, LAS and SUL basins, lake 
sediments are widespread and suggest that lakes covered most of their individual 
hangingwall basins for some periods during the last 3 Myr (Miccadei et al., 2002; 
Giaccio et al., 2012; Gori et al., 2017; Figs. 4.6 and 4.7). In the ASB basin, the area 
around L’Aquila and Bazzano experienced continued lacustrine sedimentation during 
the Early Pleistocene, whereas the Scoppito area experienced a transition from an 
alluvial fan-dominated environment to lacustrine sedimentation around 2-1.7 Ma (Fig. 
4.6; Mancini et al., 2012; Nocentini et al., 2017). These differences in stratigraphy can 
be explained by a former geomorphological threshold that might have existed half-way 
down the ASB basin in the area of Colle Macchione (Fig. 4.3A; Mancini et al., 2012). 
The lake in the PSD basin was a major lake that also covered the adjacent Castelnuovo 
basin (cross section D in Fig. 4.7; Giaccio et al., 2012). Water depths in this lake were 
of the order of 30 m as suggested by the height of Gilbert delta foresets (Giaccio et al., 
2012).  
No direct constraints on lake depths exist for the other basins. However, the absence of 
frequent alternations between shallow and deep lake facies suggests most Early to 
early Middle Pleistocene lakes to have been sufficiently deep to impede glacial-
interglacial climate-related oscillations in lake level (e.g., Giraudi and Frezzotti, 1997) 
from markedly affecting the sedimentary environment. An exception is the Scoppito 
part of the ASB basin where the characteristic ‘Madonna della Strada’ deposits are 
found between ca. 2-1.7 and 1.2-1.1 Ma (Fig. 4.6 and cross sections A, B in Fig. 4.7). 
These comprise alternating layers of fine (sandy silts and clays) and sandy gravels, 
with thick lignite seams up to several meters thick (Mancini et al., 2012; Nocentini et 
 106 
al., 2017). Some of these lignites have been correlated to Early Pleistocene interglacial 
periods (e.g., Magri et al., 2010) and likely formed in relatively shallow lake or lake 
margin environments (Mancini et al., 2012; Nocentini et al., 2017).  
-	Transition	from	endorheic	to	exorheic	conditions	during	the	 late	Early	and	early	Middle	
Pleistocene	-	
Our data compilation suggests that either the ASB or BPZ basin was the first to 
become externally drained. In the ASB basin, lacustrine sedimentation is abruptly 
followed by fluvial incision (Fig. 4.6; Mancini et al., 2012; Macri et al., 2016; Porreca 
et al., 2016; Nocentini et al., 2017). Here, biostratigraphic data from the youngest 
preserved lacustrine sediment suggests this abrupt change to have occurred around 
1.1-1.2 Ma (Mancini et al., 2012; Nocentini et al., 2017). In the BPZ basin, located 
directly upstream of the ASB basin, lacustrine sediment in the southern part of the 
basin is covered by fluvial terrace gravels with a reversed magnetic polarity (Figs. 
4.3A and 4.6; Bosi et al., 2004; Piacentini and Miccadei, 2014). The fact that this 
fluvial terrace extends into a windgap east of San Vittorino (Fig. 4.3A; also discussed 
by D’Agostino et al., 2001) suggests that a fluvial connection between the BPZ and 
ASB basins had been established by the latest part of the Early Pleistocene (Fig. 4.6). 
The LAS basin was likely the third basin to become externally drained between 0.8 
and 0.7 Ma (Fig. 4.6). This integration event is constrained by two 40Ar/39Ar dated 
tephra layers near the top of the lacustrine silts (890 and 805 ka) and a normal 
magnetic polarity of overlying fluvial gravels (Gori et al., 2015, 2017). In the LAS 
basin a gradual transition from lacustrine silts into fluvial sands and gravels has been 
interpreted by Gori et al. (2017) as the basin shallowing and becoming overfilled (Fig. 
4.6 and cross sections E and F in Fig. 4.7). These oldest fluvial gravels show a flow 
direction to the northwest, i.e., towards the PSD basin, opposite to the regional flow of 
the Aterno River (Fig. 4.3A; Gori et al., 2015, 2017). Thus from at least ca. 1.1-1.2 Ma 
until ca. 0.8-0.7 Ma, we argue that the PSD basin acted as a local base level, first for 
the ASB and BPZ basins, and later on, also for the LAS basin. The Castelnuovo basin, 
which lies parallel, but East of the PSD and LAS basins, started draining towards the 
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PSD basin from ca. 1 Ma onwards (Fig. 4.3B; Giaccio et al., 2012). In the LAS basin, 
basin infilling and the establishment of a NW-flowing river was soon followed by 
deep fluvial incision that is explained by the cutting of the San Venanzio gorge (Gori 
et al., 2017; Fig. 4.6 and cross sections E and F in Fig. 4.7). 
In the PSD basin a strong increase in sediment supply from the north occurred around 
1.2-1.1 Ma, causing rapid infilling of the lake by large (up to 30 m high) Gilbert-type 
deltas that are overlain by braided river deposits (Giaccio et al., 2012; Nocentini et al., 
2018; Fig. 4.6 and cross sections C and D in Fig. 4.7). The formation of the San 
Venanzio gorge around ca. 0.7 Ma (Gori et al., 2015, 2017) terminated endorheic 
drainage in the combined BPZ-ASB-PSD-Castelnuovo-LAS area and led to the 
establishment of a through-going river system all the way towards the southernmost 
SUL basin. The transition from aggradation to a phase of non-deposition or limited 
fluvial incision in the PSD basin around ca. 0.8-0.7 Ma (Giaccio et al., 2012), suggests 
that by that time sediment was largely exported out of the basin by the Aterno River 
flowing through the San Venanzio gorge (Fig. 4.6). A large Pleistocene alluvial fan 
system in the SUL basin at the downstream end of the gorge has been documented, 
which was likely formed when large quantities of sediment were transported across the 
former spill-point between the two basins (Figs. 4.5C, 4.4A and 4.4C; Miccadei et al., 
2002; Gori et al., 2015, 2017).  
In the SUL basin, lacustrine conditions persisted the longest, until ca. 650 ka, based on 
radiometric age estimates from multiple tephra layers (Fig. 4.6 and cross section G in 
Fig. 4.7; Giaccio et al., 2013; Zanchetta et al., 2017). Here the lacustrine phase was 
followed by a period of localised deep (~50 m) fluvial incision, with soil development 
on the surrounding abandoned terrace surfaces (Zanchetta et al., 2017). This erosion 
phase is interpreted to have resulted from the opening and incision of the Popoli gorge 
and lasted until ca. 530 ka (Fig. 4.3A; Miccadei et al., 2002; Giaccio et al., 2009, 
2013; Zanchetta et al., 2017).  
The evolution of the MTR basin is the hardest to connect to the other basins. Here 
external drainage began somewhere during the Middle Pleistocene, as evidenced by 
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palaeomagnetic analysis of lacustrine sediments (Fig. 4.6) and the abundance of 
Middle Pleistocene tephra in the oldest fluvial deposits topping the lacustrine deposits 
(Chiarini et al., 2014). In case of the MTR basin, an erosional unconformity marks the 
abrupt transition from lacustrine sedimentation to prograding alluvial fan systems that 
caused the overfilling of the northeastern sub-basin and its integration with the 
southwestern sub-basin (Chiarini et al., 2014).  
-	Late	Early	Pleistocene	to	Holocene	development	of	the	Aterno	River	-	
The late Early Pleistocene to Holocene sections of most of the basin stratigraphies 
either comprise fluvial sediment, or erosion and terrace formation associated with 
fluvial incision by the Aterno River (Fig. 4.6). Borehole data from the most upstream 
located MTR basin suggest that fluvial incision of at least 40 m followed drainage 
integration with the downstream BPZ basin sometime during the late Early Pleistocene 
or early Middle Pleistocene (Chiarini et al., 2014). However, the timing of drainage 
integration as well as the duration of the period of incision in the MTR basin is poorly 
constrained (Fig. 4.6). In this basin, aggradation has replaced incision and sediment 
now fully covers the older erosional terrace morphology.  
It is uncertain how much fluvial incision occurred in the BPZ basin directly following 
drainage integration at the end of the Early Pleistocene. However, the basin primarily 
experienced aggradation during the Middle Pleistocene as sediment with a normal 
magnetic polarity partly covers Early Pleistocene terraces. This Middle Pleistocene 
sediment not only consists of fluvial sand and gravel, but also partly of lacustrine silt 
and clay (Bosi et al., 2004; Fig. 4.6). In the central part of the basin, the active 
floodplains of the Aterno River are incised 15-20 m into these Middle Pleistocene 
deposits suggesting renewed fluvial incision to have started sometime during the Late 
Pleistocene. Maximum Holocene throw rate estimates for the main basin-bounding 
fault system, i.e., the Monte Marine/Barete Fault, vary between ~0.55 and 1 mm yr-1 
(Roberts and Michetti, 2004; Galli et al., 2011), suggesting that this fault system has 






integration	 endorheic	 (lacustrine/palustrine/deltaic)	 sediment	 and	 the	 post-drainage	 integration	
fluvial	sediment.	The	pink	squares	show	the	uppermost	elevation	of	 this	contact	that	we	use	 in	Fig.	
4.4A.	Cross	sections	A	and	B	and	the	southern	part	of	C	cross	the	ASB	basin.	The	Early	Pleistocene	to	
early	Middle	 Pleistocene	parts	 of	 these	 cross	 sections	 are	 similar.	However,	 cross	 sections	A	 and	B	
show	 the	 50-100	 m	 thick	 late	 Middle	 Pleistocene	 rock	 avalanche	 deposits	 (in	 yellow),	 while	 cross	
section	C	shows	a	late	Middle	Pleistocene	lacustrine	unit	(e.g.,	Macri	et	al.,	2016).	Cross	section	D	and	
the	northern	part	of	cross	section	C	show	the	stratigraphy	of	the	PSD	basin.	Characteristic	for	the	PSD	
basin	 are	 the	 up	 to	 100	 m	 thick	 deltaic	 deposits	 overlying	 the	 lacustrine	 unit.	 While	 the	 Early	
Pleistocene	 lake	 covered	 both	 the	 PSD	 basin	 and	 Castelnuovo	 sub-basin,	Middle	 Pleistocene	 fluvial	
activity	was	 limited	 to	 the	PSD	basin	 from	the	Middle	Pleistocene	onwards	caused	by	a	SW	shift	 in	
fault	 activity	 (see	 cross	 section	 D).	 Cross	 sections	 E	 and	 F	 cross	 the	 LAS	 basin.	 They	 show	 the	
variability	in	thickness	of	the	Early	Pleistocene	lacustrine	sediment	along	the	basin	and	the	thin	layer	





In the ASB basin, drainage integration with the PSD basin around 1.2 Ma was directly 
followed by fluvial incision of the order of 50-100 m (Mancini et al., 2012; Nocentini 
et al., 2017; cross sections A, B, and C in Fig. 4.7). Aggradation started again during 
the early Middle Pleistocene, causing most of the Early Pleistocene lacustrine 
sediment to become largely covered by Middle Pleistocene fluvial deposits (Nocentini 
et al., 2017). During the late Middle Pleistocene, the ASB basin additionally 
experienced major rock avalanche and debris flow events in the L’Aquila-Colle 
Macchione area (Figs. 4.3A, 4.4A, and 4.6, and see yellow units in cross sections A 
and B in Fig. 4.7; Nocentini et al., 2017). The Pettino Fault is the main basin-bounding 
fault system and is inferred to have a Holocene slip rate of approximately 0.6 mm yr-1 
(Galli et al., 2011). 
In the PSD basin, no clear evidence exists for significant fluvial incision adjacent to 
the Aterno River directly following drainage integration around 0.7 Ma (Fig. 4.6; 
Giaccio et al., 2012). In this basin, ~50 m of fluvial sediment was deposited on top of 
the Early (to early Middle) Pleistocene lacustrine deposits during the Middle to Late 
Pleistocene time interval (Nocentini et al., 2018). Most of the relief in the PSD basin 
can be explained by activity on the large number of normal fault segments that 
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together control basin subsidence (Fig. 4.3A, cross section D in Fig. 4.7).  However, in 
the most downstream part of the basin, downstream of San Demetrio Ne’ Vestini, 
some of the terrace morphology may additionally relate to the wave of incision 
propagating upstream from the San Venanzio gorge and LAS basin (Fig. 4.4A and C). 
Middle Pleistocene to present-day slip rate estimates for the main fault system 
controlling the PSD basin are of the order of ~0.5-0.7 mm yr-1 (Galli et al., 2010, 2011; 
Moro et al., 2013).   
In the LAS basin, drainage integration was followed by intense fluvial incision caused 
by the large drop in local base level caused by incision of the San Venanzio gorge 
(Figs. 4.4A, 4.4C, 4.5A, and 4.6, and cross sections E and F in Fig. 4.7; Gori et al., 
2015, 2017). Incision is still on going and has so far produced around 100-150 m of 
incision in the downstream part of the LAS basin (Fig. 4.4A and cross sections E and 
F in Fig. 4.7) and limited incision (<20-30 m) in the upstream part of the LAS basin 
(Fig. 4.4A). Maximum Holocene throw rate along the main basin-bounding fault 
system is estimated to be in between 0.3 and 0.7 mm yr-1 (Galadini and Galli, 2000; 
Faure Walker, 2010).  
In the SUL basin, 50-100 m of aggradation occurred between ca. 530 and 135 ka 
mainly comprising gravels (Miccadei et al., 2002; Giaccio et al., 2009, 2013; 
Zanchetta et al., 2017). However, in the most downstream (northeastern) part of the 
basin, mainly lacustrine sediment is observed (Zanchetta et al., 2017). From ca. 135 ka 
onwards, the Aterno River has been mainly incising, adjusting its profile in response to 
base level fall across the Popoli gorge. The maximum Holocene throw rate estimated 
for the basin-bounding Monte Morrone/Sulmona fault system is approximately 1.1 
mm yr-1 (Roberts and Michetti, 2004), suggesting a significant acceleration in fault 
slip rate during the Middle Pleistocene.  
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4.6	 Evolution	 of	 the	 Aterno	 River	 system	 in	 response	 to	 drainage	
integration	
The dominant stratigraphic trend observed in all six basins is a transition from 
primarily lacustrine to fluvial sedimentation that is interpreted to record the 
progressive integration of the drainage network along the Aterno River system (Fig. 
4.8). Long-term drainage integration in the central Apennines has previously been 
described (e.g., D’Agostino et al., 2001; Bartolini et al., 2003; Piacentini and 
Miccadei, 2014) and reproduced by means of numerical modelling (Geurts et al., 
2018). However, the data compilation for the Aterno River reported here provides 
detailed insights into the timing, variable character and causes of the individual 
drainage integration events. 
The timing of drainage integration is not a function of distance from the coast (Fig. 
4.8). Based on the available evidence, it appears that drainage integration commenced 
along the middle reaches of the Aterno River system, in the ASB or BPZ basin, and 
occurred last between the most downstream located SUL basin and the Adriatic coast. 
Consequently, the spatio-temporal pattern of drainage integration is not consistent with 
a model where progressive hinterland capture is driven by headward erosion from the 
coast (e.g., D’Agostino et al., 2001; Dickinson, 2015). As demonstrated by numerical 
modelling experiments (Geurts et al., 2018) and suggested by drainage integration 
studies focussing on other areas (e.g., Connell, 2005), the more disordered pattern of 
drainage integration that we observe for the Aterno River could be expected from 
overspill mechanisms, i.e., the overfilling of basins with sediment and water (Geurts et 
al., 2018). We come back to this in more detail in Section 4.7.1. 
We interpret the three large-scale convexities along the Aterno longitudinal profile to 
relate to the progressive, long-term integration of the drainage network (Fig. 4.4B). 
For all of these convexities, we can exclude a lithology or fault-related origin. We 
therefore interpret them as transient features reflecting the ongoing adjustment of 
newly established fluvial connections between initially isolated basins (Fig. 4.1C). 
Moving in a downstream direction, we explain the three major knickzones along the 
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Aterno River profile to reflect integration events between the MTR and BPZ basins, 
between the LAS and SUL basins, and between the SUL basin and the Adriatic 
foreland (Miccadei et al., 2002; Giaccio et al., 2013; Chiarini et al., 2014; Gori et al., 
2017). As these knickzones migrate upstream, they cause incision into the endorheic 
deposits of the upstream basin fill and terrace formation (Figs. 4.1C and 4.4A). The 
best examples are the substantial terraces within the LAS basin, which have surface 
elevations up to 150 m above the present-day Aterno River (Fig. 4.5A). Even though 
incision is observed in most basins, it is important to note that this does not represent a 
single wave of erosion, but multiple waves that started at different times in the 
individual basins. 
The transition from internal (endorheic) to external (exorheic) drainage evidently led 
to a shift from the complete storage of sediment within individual basins towards the 
partial reworking and export of sediment towards other basins downstream or the 
Adriatic coast. The export of sediment explains the relatively low thickness of fluvial 
sediment (of late Early Pleistocene to Recent age) compared to their lacustrine (Early 
to early Middle Pleistocene) counterparts, taking into account the different duration of 
the time intervals during which these deposits were formed (Fig. 4.7).  
While drainage integration is the dominant long-term trend for the basin evolution 
along the Aterno River over the last ~3 Myr, the younger stratigraphy of some basins 
shows intervals that record a transition back from fluvial to lacustrine or to palustrine 
depositional environments (Fig. 4.6). Examples of these fluvial to lacustrine/palustrine 
transitions occur in the MTR basin (Chiarini et al., 2014), the BPZ basin (Bosi et al., 
2004), the Bazzano part of the ASB basin (Macri et al., 2016; Porreca et al., 2016), 
and the northeastern part of the SUL basin (Giaccio et al., 2013; Zanchetta et al., 
2017). These transitions provide evidence that these basins must have become at least 










increase	 in	 sediment	 (and	 water)	 supply	 relative	 to	 basin	 subsidence	 (see	 also	 Fig.	 4.9).	 (E)	
Approximately	 0.65	Ma,	a	 fluvial	 connection	between	 the	 fully	 integrated	Aterno	River	 system	and	
the	Adriatic	foreland	became	established	(see	also	Fig.	4.10).		
4.7	 Discussion	
The data compilation presented in this paper shows the progressive integration of 
basins along the Aterno River in the actively extending central Italian Apennines. Here 
we first discuss the factors that likely primarily controlled the evolution of the Aterno 
River (Section 4.7.1) and describe the variability in which drainage integration events 
are expressed in the stratigraphic-geomorphological records of the different basins 
(Section 4.7.2). Subsequently, we evaluate how long it takes for the landscape to 
respond to long-term drainage integration (Section 4.7.3), and discuss the general 
implications of our work in terms of the importance of drainage network evolution for 
transient landscape evolution and basin stratigraphy in continental rifts (Section 4.7.4).  
4.7.1.	Potential	controls	on	drainage	integration		
Factors that controlled the fluvial connectivity between neighbouring extensional 
basins along the Aterno River are those that can modify the balance between the rate 
of water supply, sediment supply and the rate of basin subsidence and can in turn 
cause a basin to switch between underfilled and overfilled conditions (Fig. 4.1B; e.g., 
Gawthorpe et al., 1994). Where the integrated sediment supply exceeds basin 
subsidence in volumetric terms, this can cause an endorheic underfilled basin to 
become overfilled and to form a fluvial connection with its downstream neighbour. If 
basin subsidence exceeds sediment supply, on the other hand, a fluvially integrated 
basin may return to underfilled or even endorheic conditions (e.g., Geurts et al., 2018). 
Further factors that are additionally important are pre-existing topography that sets the 
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height of the spill point, and the water supply-to-evaporation ratio that controls lake 
levels (Fig. 4.1B).  
Overspill mechanisms are inferred to have controlled drainage integration in other 
continental extensional settings such as along the Rio Grande (e.g., Connell et al., 
2005; Repasch et al., 2017), the lower Colorado River downstream of the Colorado 
plateau (House et al., 2008), the Salt and Verde rivers in Arizona (Larson et al., 2014), 
and the Amargosa, Owens, and Mojave rivers in Nevada-California (Meek, 1989, this 
issue; Menges, 2008; Phillips, 2008). In the central Apennines, the importance of the 
interplay between sediment supply, water supply and basin subsidence in controlling 
drainage network evolution has only been suggested at the scale of individual 
hangingwall basins (e.g., Mancini et al., 2012; Chiarini et al., 2014; Macri et al., 
2016). We believe, however, that shifts in balance between sediment supply, water 
supply and basin subsidence can explain many observations from the Aterno River 
system as a whole, and for the central Apennines in general. 
-	Underfilled	conditions	during	the	Early	to	early	Middle	Pleistocene	-	
We expect the prevailing trend of drainage integration along the Aterno River to result 
from a long-term increase in sediment supply relative to basin subsidence, allowing 
the initially isolated basins to overspill. We test this idea in Fig. 4.9 by generating 
estimates for the accumulation of basin subsidence and hangingwall sediment 
thicknesses for basins along the Aterno River. During early stages of extension, faults 
in the central Apennines are estimated to have had throw rates of the order of 0.3-0.35 
mm yr-1 (Roberts and Michetti, 2004). When assuming typical long-term ratios of 
footwall uplift to hangingwall subsidence in the range of 1:1 to 1:2 (e.g., Bell et al., 
2018; De Gelder et al., 2019) these values would correspond to 0.15-0.23 mm yr-1 of 
accumulating hangingwall volume that could be filled with sediment or water (see 
blue accumulation curve and inset figure in Fig. 4.9). Uplift-to-subsidence ratios in 
between 1:1 and 1:1.6 have also been inferred for normal fault systems in the southern 
Apennines where extension is also accompanied by regional uplift (Roda-Boluda and 
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Whittaker, 2016, 2017), and we consider the maximum possible value of hangingwall 





and	 hangingwall	 sediment	 thickness	 (red	 shading)	 based	 on	 fault	 slip	 rate,	 total	 throw	 and	
stratigraphic	data	compiled	for	the	basins	along	the	Aterno	River	and	the	main	basin-bounding	faults	
(see	main	article	 text	 for	explanation).	When	assuming	typical	 long-term	ratios	of	 footwall	uplift	 to	
hangingwall	 subsidence	 in	 the	 range	 of	 1:1-1:2,	we	 expect	 approximately	 half	 to	 two-thirds	 of	 the	
accumulated	fault	throw	to	represent	the	basin	volume	that	is	available	for	sediment	to	accumulate	
(see	inset	figure	and	main	text).	Basin	subsidence	outpaced	sedimentation	during	most	of	the	Early	to	
early	Middle	 Pleistocene,	 explaining	 the	 prevalence	 of	 endorheic	 conditions	 at	 that	 time.	However,	
over	the	long-term	we	expect	sediment	supply	to	have	increased	because	of	the	progressive	increase	
in	 fault-related	 relief	 and	 changing	 climatic	 conditions	 related	 to	 the	 Early	 to	 Middle	 Pleistocene	
climatic	transition.	Enhanced	sediment	supply	likely	led	to	more	overlap	between	sedimentation	and	
basin	 subsidence	 rates	 (hashed	 area)	 and,	 in	 turn,	 to	 have	 allowed	 some	 basins	 to	 overspill.	 We	
illustrate	the	increase	in	sedimentation	rates	by	means	of	an	approximate	doubling	of	the	estimated	
maximum	sedimentation	rates	from	ca.	1.4	Ma	onwards	(red	arrow),	however,	note	that	less	than	a	
doubling	 is	 sufficient	 to	 ‘tip	 the	 balance’.	 The	 red	 squares	 show	 the	 approximate	 thickness	 of	 the	
sedimentary	 fills	 from	 the	 central	 parts	 of	 the	 four	 southernmost	 basins	 at	 the	 time	 of	 drainage	
integration.	 Because	 part	 of	 the	 endorheic	 sediment	 may	 have	 been	 eroded	 as	 a	 consequence	 of	
drainage	integration	events,	these	thicknesses	may	have	been	larger.	Fault	segment	interaction	and	
linkage	may	have	allowed	some	faults	to	accelerate	their	slip	rates	up	to	1.1	mm	yr-1	around	0.8	Ma	
(blue	 arrow),	 corresponding	 to	 a	 maximum	 hangingwall	 subsidence	 rate	 of	 ~0.7	 mm	 yr-1	 when	





From the geological cross sections of the ASB, PSD, LAS and SUL basins (Fig. 4.7), 
and the available chronology, we estimate long-term average sedimentation rates of 
the order of 0.10-0.17 mm yr-1 for the Early to early Middle Pleistocene lacustrine 
units (Fig. 4.9; see Supplementary Materials B for details). These are minimum 
estimates, as part of the sediment from the endorheic phase may not have been 
preserved. As a comparison, similar sedimentation rates are suggested by a 0.54 Ma 
old tephra layer at 100 m depth in the Fucino basin, which is the only large isolated 
basin that is left in the central Apennines today (Cavinato et al., 2002; Whittaker et al., 
2008). A key observation from Fig. 4.9 is that, during the Early to early Middle 
Pleistocene, our estimated rates of sedimentation (0.10-0.17 mm yr-1) are generally 
less than the initial rates of hangingwall subsidence (0.15-0.23 mm yr-1). Even though 
there is some uncertainty in these estimated ranges, which can differ between the 
individual basins, the difference in rates is consistent with basins in the central 
Apennines being predominantly underfilled and isolated during the Early (to early 
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Middle) Pleistocene (Fig. 4.9; e.g., D’Agostino et al., 2001; Piacentini and Miccadei, 
2014).  
-	Tipping	the	balance	between	basin	subsidence	and	‘local’	sediment	and	water	supply	-	
The small difference between the estimated rates of sedimentation and basin 
subsidence during the Early Pleistocene suggests that only small increases in sediment 
supply would have been needed to have tipped the balance towards oversupplied 
conditions and to allow basins to overspill. This is exactly what we interpret to have 
occurred for the ASB and BPZ basins that were most likely the first basins to become 
integrated during the late Early Pleistocene (Figs. 4.6 and 4.8). We expect sediment 
supply to have increased progressively over time, first because of the long-term 
increase in fault-related topography (Geurts et al., 2018). Second, there was a shift 
towards more prolonged and intense glaciations during the Early to Middle Pleistocene 
climatic transition (ca. 1.4-0.4 Ma; Head and Gibbard, 2015). We know that in the 
central Apennines, glacial conditions strongly enhanced erosion and runoff, so 
sediment supply is likely to have increased from approximately 1.4 Ma when glacial 
periods became longer and more intense (Giraudi and Frezzotti, 1997; Tucker et al., 
2011; Whittaker and Boulton, 2012). Weathering rates, erosion rates, and runoff have 
been inferred to have been 30, 10, and 4 times higher, respectively, under glacial 
conditions compared to interglacial conditions in the central Apennines (Whittaker et 
al., 2010; Tucker et al., 2011; Whittaker and Boulton, 2012). We depict a conservative 
increase of ~2 times (corresponding to a sedimentation rate of ~0.3 mm yr-1) to 
illustrate the increase in sediment supply in Fig. 4.9 from the onset of the Early to 
Middle Pleistocene climatic transition (ca. 1.4 Ma; Head and Gibbard, 2015). Figure 
4.9 shows that such a doubling in sedimentation rates is more than sufficient to 
significantly enhance the overlap (see hashed area in Fig. 4.9) between the estimated 
ranges of the rates of sedimentation and hangingwall subsidence. Even though these 
are first-order estimates, it seems a plausible scenario that an increase in sediment (and 
water) supply around the Early to Middle Pleistocene climatic transition has allowed 
sedimentation rates in some basins to have matched or overtaken fault-driven 
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hangingwall subsidence, causing them to overspill, and the long-term trend of drainage 
integration to commence. 
-	 The	 role	 of	 enhanced	 down-system	 sediment	 and	 water	 transport	 during	 drainage	
integration	-	
As soon as overspilling of the ASB basin and BPZ basin had led to establishment of a 
through-going river system connecting these adjacent basins, sediment and water were 
no longer trapped within these basins and could be transported down-system. This 
means that for those basins located downstream, the balance towards overfilled 
conditions could, from now onwards, additionally be tipped by increased sediment and 
water discharge derived from the significantly larger upstream drainage catchment 
area. The down-system transport of sediment and water across different basins tends to 
trigger drainage integration in basins located farther downstream, extending the length 
of axial river systems in a top-down direction. Meek (this issue) discusses this 
conceptual model in more detail and provides an overview of supporting field 
evidence from different river systems in the western United States. In the Aterno River 
system, this model can for instance explain the sudden increase in sediment supply to 
the PSD basin around 1.2-1.1 Ma (dark blue deltaic unit in cross sections C and D in 
Fig. 4.7; Giaccio et al., 2012; Nocentini et al., 2018). This increase in sediment supply 
led to fast progradation of delta systems, particularly from the northern side of the 
basin, which coincides with lake disappearance and the onset of incision directly 
upstream in the ASB basin (Mancini et al., 2012; Nocentini et al., 2017). Drainage 
integration between the ASB and PSD basins increased the source area of the PSD 
basin by a factor of ~2.5 to 3.5 times (depending on whether the ASB was already 
integrated with the BPZ basin before that time), generating a large amount of sediment 
both by erosion of the larger upland area as well as by fluvial incision into the ASB 
basin (and perhaps also the BPZ basin) infill. This in turn could lead to enhanced 
sediment input into the PSD basin and enhanced rates of delta progradation into the 
large Early Pleistocene lake.  
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Aterno	River	 catchment	with	 the	Sulmona	basin	 (Gori	 et	al.,	 2015,	2017).	We	hypothesise	 that	 this	
drainage	integration	event	produced	a	dramatic	increase	in	water	supply	and	in	turn	led	to	significant	
deepening	of	the	lake.	(C)	The	emptying	of	this	lake	may	have	had	an	important	role	in	the	formation	
of	 the	 Popoli	 gorge	 around	 650	 ka.	 (D)	 Drainage	 integration	 across	 the	 Popoli	 gorge	 produced	 an	
upstream	propagating	wave	of	(local)	 fluvial	 incision	between	ca.	650	and	530	ka	(Zanchetta	et	al.,	
2017).	 (E)	Fault	 slip	acceleration	can	 (at	 least	partly)	explain	 the	 re-establishment	of	undersupplied	
conditions	 between	 ca.	 530	 and	 135	 ka,	 and	 the	 deposition	 of	 50-100	 m	 thick	 fluvial	 gravel	 and	
lacustrine	 deposits.	 (F)	 Since	 ca.	 135	 ka,	 the	 Sulmona	 basin	 has	 been	 mainly	 affected	 by	 fluvial	
incision,	however,	during	 this	 time	 interval	 sedimentation	has	been	additionally	affected	by	 tufa	or	
travertine	formation	in	the	area	of	the	Popoli	gorge	(Lombardo	et	al.,	2001).	
 
Another observation that suggests an important role for up-system derived sediment 
and water is the timing of formation of the Popoli gorge around 0.65 Ma (Giaccio et 
al., 2013; Zanchetta et al., 2017), which is shortly after the formation of the San 
Venanzio gorge (ca. 0.7 Ma; Gori et al., 2015, 2017). Drainage integration across the 
San Venanzio gorge led to a dramatic increase in upstream contributing area to the 
SUL basin with ~1300 km2 (size of the Aterno River catchment). Although there is no 
definitive stratigraphic evidence, we hypothesise that this drainage integration event 
likely caused significant deepening of the lake in the SUL basin around 0.7-0.65 Ma 
(Fig. 4.10) caused by the significantly increased water discharge. Considering the 
position of SUL basin at the very end of the Aterno River system and the timing of 
drainage integration across the San Venanzio gorge during one of the most extreme 
glacial periods (MIS16), we might expect this lake to have had at least the volume of 
the large Early Pleistocene lake in the PSD basin (e.g., Giaccio et al., 2012).  We 
suggest that the emptying of this lake may have had a prominent role in the formation 
of the Popoli gorge ca. 0.65 Ma (Fig. 4.10) and may have contributed to the basin-
wide erosion that is observed into the top of the Early to early Middle Pleistocene 
lacustrine unit (Miccadei et al., 2002). Because a deep lake in the SUL basin likely 
existed for a relative short period of time only, there may not have been sufficient time 
to deposit stratigraphic features such as the large prograding delta systems observed in 
the PSD basin. In turn, this might explain why enhanced lake levels in the SUL basin 
around 0.7-0.65 Ma have not been fully discussed before.  
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-	Re-establishment	of	underfilled	conditions	during	the	Middle	Pleistocene	to	Holocene	-	
Fault segment interaction and linkage are documented to have allowed some faults to 
accelerate their slip rates at approximately 0.8 Ma (Roberts and Michetti, 2004; 
Whittaker et al., 2007) and can explain why Holocene throw rate estimates for faults 
bounding the basins along the Aterno River system reach up to 1.1 mm yr-1. This 
means that an increase in fault-driven basin subsidence of up to 3 times can be 
expected to have occurred around 0.8 Ma (Fig. 4.9). Of course, such an increase is not 
expected for all faults – some faults might have kept a constant slip rate or might even 
have become inactive. We thus consider a 3 times increase in fault-driven basin 
subsidence as an upper limit, corresponding to a maximum rate of ~0.7 mm yr-1 
assuming a footwall uplift to hangingwall subsidence ratio of 1:2 (Fig. 4.9).   
Such an increase in fault slip rate may have led to re-establishment of underfilled 
lacustrine and palustrine conditions in some of the basins along the Aterno River 
during the Middle or Late Pleistocene, caused by hangingwall subsidence outpacing 
sediment supply (Fig. 4.9). However, it is important to note that Fig. 4.9 only shows 
the ‘local balance’ and does not account for the amount of ‘up-system derived’ 
sediment originating from the Aterno River catchment upstream. In case of the MTR 
basin, however, we can exclude significant upstream drainage area enlargement, as it 
is the most upstream located basin within the Aterno River system. Therefore, for the 
MTR basin, it is a plausible scenario that acceleration in basin subsidence may have 
tipped the balance back to undersupplied conditions in the course of the Middle 
Pleistocene, explaining a renewed phase of lacustrine and palustrine sedimentation 
(Fig. 4.6).  Also, in the case of the next basin downstream, the BPZ basin, the 
reconstructed strong increase in slip rate of the main basin-bounding fault (Roberts 
and Michetti, 2004; Galli et al., 2011) may be responsible for the re-appearance of 
lacustrine conditions during the Middle Pleistocene (Bosi et al., 2004; Piacentini and 
Miccadei, 2014).  
A different scenario, however, may apply to the more downstream basins where the 
contribution of ‘up-system derived’ sediment was likely much larger, such as the ASB 
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and SUL basins. In these downstream basins, the re-establishment of underfilled 
conditions may have required other processes, in addition to accelerated basin 
subsidence driven by increased rates of faulting. For instance, mass wasting events 
may have played a role in the case of the ASB basin (e.g., Nocentini et al., 2017; Figs. 
4.6 and 4.7) and in the SUL basin, tufa or travertine formation within and directly 
downstream of the Popoli gorge may also have influenced sedimentation upstream 
(Lombardo et al., 2001). While we do not exclude the possibility that the re-
establishment of underfilled conditions may have coincided with the temporal 
damming of the Aterno River, we do not have any evidence suggesting prolonged dis-
integration of the Aterno River system after it was formed.  
4.7.2.	Variable	expression	of	drainage	integration	events	between	basins	
A key feature of our data is the variability of expression of each drainage integration 
event in the sedimentological and geomorphological record of the basin. To some 
extent, this variability can be explained by the difference in timing at which drainage 
integration occurred. The longer ago that drainage integration occurred, the more time 
has been available for the river system to adjust, for instance, in terms of knickpoint 
propagation. The ASB basin, for example, was likely the first basin that became 
integrated to its downstream neighbour ca. 1.2-1.1 Ma, resulting in 50-100 m deep 
dissection of its Early Pleistocene lacustrine deposits. However, around ca. 0.6 Ma, the 
river had largely adjusted to the fall in local base level and a new phase of fluvial 
aggradation commenced in response to basin subsidence. The more recently integrated 
LAS basin (ca. 0.7 Ma), on the other hand, is still adjusting to its fall in local base 
level. 
Another key factor influencing the sedimentological and geomorphological expression 
of drainage integration is the elevation difference between adjacent basins prior to 
drainage integration. This determines the magnitude of base level fall experienced by 
the overspilling basin. For instance, the LAS and SUL basins experienced a large fall 
in base level (>150 m) that triggered a wave of fluvial incision that deeply dissected 
the upstream basin forming a pronounced incised valley system (Miccadei et al., 2002; 
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Gori et al., 2017). Because such a large fall in base level leads to the formation of deep 
gorges and high terrace morphology, this type of drainage integration event is 
relatively easily observed and tends to receive most attention (e.g., Geurts et al. 2018). 
In the PSD basin, on the other hand, fluvial erosion following drainage integration 
seems to have been limited or absent (Fig. 4.6; Giaccio et al., 2012). Here, aggradation 
could either continue or rapidly resume because drainage integration occurred 
simultaneously for the PSD basin and its downstream neighbour, i.e., the LAS basin, 
which had similar surface elevations, around 0.7 Ma (Fig. 4.8C and D). Consequently 
there was only one major fall in base level downstream of the LAS basin, which 
initially did not affect the PSD basin because the wave of erosion had to migrate 
across the LAS basin first (Fig. 4.8D). 
Besides the timing of drainage integration and the magnitude of base level fall there 
are many more factors that we believe have contributed to the pronounced variability 
of expression of the different drainage integration events in the different basins. For 
instance, we also expect the size of the drainage system that is upstream to be of major 
importance because this determines how much additional sediment and water a basin 
will receive from upstream. Another factor is the size of the lake or the degree of 
infilling prior to drainage integration. Overspill of basins with large lakes leads to the 
abrupt dissection of fine-grained lacustrine sediment (e.g., the ASB and SUL basins) 
while in basins that are (almost) filled, the fine-grained lacustrine unit is already 
largely topped by coarse-grained fluvial or deltaic sediment (e.g., the LAS and PSD 
basins). The data from the Aterno River system would therefore allow for a future 
comparison of the exact expression of the different drainage integration events given 
these constraints. 
4.7.3.	Landscape	response	times	
Our data compilation shows the step-wise development of the Aterno River through a 
series of drainage integration events (Fig. 4.8). If extension started around 3 Ma, it 
took ~2.4 Myr in total for this axial river system to develop its course down to the 
SUL basin, and to form a connection between this most downstream located basin and 
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the Adriatic coast. Even though the river is now fully integrated, its longitudinal 
profile suggests that it is far from topographic steady state and is still adjusting to the 
drainage integration events from which it was formed (Fig. 4.4).  
The horizontal distance along the largest convex reach (30-35 km), i.e., the one 
upstream of the Sulmona Basin (Fig. 4.4B), suggests an average knickpoint migration 
rate of the order of 43-50 mm yr-1 since drainage integration occurred ca. 0.7 Ma, 
assuming the upper limit of the knickpoint at an elevation of 575 m is the farthest that 
the signal of this drainage integration event has propagated. Assuming a unit stream 
power model and normalising this rate by the square root of drainage area, gives a 
normalised knickpoint migration rate parameter of 1.4-1.7∙ 10!! yr-1 following the 
approach of Whittaker and Boulton (2012; see Supplementary Materials C for details). 
This value of knickpoint propagation rate overlaps with the upper end of the spectrum 
of values that have previously been calculated for footwall catchments in the central 
Apennines that are adjusting to an increase in fault slip rate (0.2-2 ∙ 10!!  yr-1; 
Whittaker and Boulton, 2012), but is a factor of 5 to 7 times lower than the value of 1x 
10-5 yr-1 quoted by Loget and Van den Driessche (2009) for knickpoint migration in 
European catchments during the Mediterranean salinity crisis where the maximum 
base level change was ~1.5 km. Relatively fast migration rates along the Aterno River 
relative to footwall catchments in the central Apennines may be explained by the 
occurrence of relative easily erodible basin sediment compared to the more resistant 
footwall lithologies and the much larger upstream area of the Aterno River.   
Based on our normalised knickpoint propagation parameter of 1.4-1.7∙ 10!! yr-1, we 
calculate that it would take at least another 3 Myr for the Aterno long profile 
convexities to become fully eliminated and for the whole catchment to become 
geomorphically adjusted to river network integration (see Supplementary Materials C). 
Importantly, this calculation demonstrates that transient conditions can persist for 
longer following drainage integration than the time period that needed for the river 
network to become integrated in the first place. We suggest that this effect is under-
recognised in stratigraphic and geomorphological studies in normal fault arrays. 
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Moreover, local-scale reversals back to endorheic conditions might be able to ‘freeze’ 
or prolong this process of landscape adjustment to drainage integration considerably. 
4.7.4.	Drainage	network	evolution	vs.	climatic	and	tectonic	forcing	
Our data compilation shows that for the greatest part of the total period of extension, 
i.e., from ca. 3 to ca. 1.2-0.65 Ma, most basins along the Aterno River were isolated 
from one another. This means that during this time interval, transient climate or 
tectonic-related signals could not propagate far across the landscape. This has 
important implications for the interpretation of sedimentary and geomorphological 
trends observed in the interior of the mountain range. For instance, strong base level 
fall relative to sea level as a consequence of regional uplift across the central 
Apennines is generally used for explaining the observation of widespread fluvial 
incision (e.g., D’Agostino et al., 2001; Bartolini et al., 2003; Giaccio et al., 2012; 
Chiarini et al., 2014; Gori et al., 2015). However, our dataset shows that the basins 
associated with the Aterno River were not connected to the coast before ca. 0.65 Ma, 
and thus fluvial incision in most basins was triggered by a series of local base level 
falls related to multiple drainage integration events. Because these drainage integration 
events were initiated at different points in space and time, they need to be considered 
as individual waves of incision, even though intense incision is a region-wide observed 
phenomenon at a broad scale.  
This study underlines the significant impact of drainage network evolution on transient 
landscapes and basin stratigraphy. We suggest that the Aterno River system is a strong 
exemplar of how long-term drainage network integration can be as important as 
tectonic and climatic forcing in determining the geomorphological and stratigraphic 
development within extensional settings. Indeed, recent numerical modelling 
experiments have shown that drainage integration can produce dynamic landscape 
evolution even if tectonic and climate forcing is held constant (Geurts et al., 2018). 
Changes in drainage network connectivity can cause marked changes in sediment 
supply and depositional environments within individual subsiding basins (e.g., Giaccio 
et al. 2009), for example, causing alternating stages of aggradation and incision, and 
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the formation of fluvial terrace morphology (e.g., Wegmann and Pazzaglia, 2009). 
However, an important difference, compared to climate-driven changes in sediment 
supply and depositional environment, is that changes related to climate should affect 
different basins across a region more or less similarly and simultaneously, even if they 
are isolated from one another. In contrast, drainage integration can lead to significant 
variations between neighbouring basins. Drainage network evolution can also control 
local base level (e.g., Duffy et al., 2015; Gawthorpe et al., 2018) and can force 
landscapes to respond to a fall in relative base level by means of upstream propagating 
waves of erosion (e.g., Whittaker et al., 2007, 2008). However unlike tectonic forcing 
on individual catchments, the timing and magnitude of the base level fall does not 
have to correlate directly with the initiation or change in slip rate on a fault. Because 
of the strong tectonic activity in the central Apennines (and in other normal fault 
arrays), both at a regional and fault-block scale, stratigraphic and geomorphological 
observations tend to be mostly approached in terms of tectonic developments (e.g., 
D’Agostino et al., 2001; Bartolini et al., 2003; Whittaker et al., 2010; Giaccio et al., 
2012; Chiarini et al., 2014; Gori et al., 2015) while the contribution of drainage 
integration along the large axial rivers tends to be overlooked. Our study strongly 
challenges this assumption. 
4.8		 Conclusions	and	implications	
This paper synthesises geomorphological and basin stratigraphic data for a large axial 
river system in the central Apennines − the Aterno River system − in order to 
reconstruct its development during the time of active extension (since ca. 3 Ma). We 
use these data to reconstruct drainage network evolution and evaluate how drainage 
integration controls transient landscape development and basin stratigraphy. Our main 
conclusions are: 
1)  We observe a long-term trend of drainage integration along the Aterno River, 
evidenced by a transition from predominantly lacustrine to fluvial sediment in all basin 
stratigraphic records. All basins were internally drained during the Early (to early 
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Middle) Pleistocene and have become fluvially integrated with one another and the 
Adriatic coast between ca. 1.2 and 0.65 Ma. Consecutive drainage integration events 
produced discrete waves of fluvial incision and terrace formation. 
2)  Basins with an intermediate location along the Aterno River, around the city of 
L’Aquila, likely became fluvially integrated with one another first. Drainage 
integration occurred last between the most downstream located Sulmona basin and the 
Adriatic foreland. This spatio-temporal pattern of drainage integration is not consistent 
with a pattern that would be expected from upstream-directed headward erosion from 
regional base level (e.g., D’Agostino et al., 2001). 
3)  The spatio-temporal pattern of drainage integration can be explained by an 
increase in sediment and water supply relative to hangingwall subsidence that caused 
basins to overspill. On average, rates of sedimentation were lower than rates of 
hangingwall subsidence during most of the Early to early Middle Pleistocene, 
explaining why all basins were endorheic at that time. However, because the 
difference between sedimentation and throw rates was minor, only a small increase in 
sediment and water supply was sufficient to tip the balance towards oversupplied 
conditions.  
4) The increase in sediment and water supply relative to basin subsidence is 
explained by the Early to Middle Pleistocene climatic transition and the progressive 
increase in fault-related relief. As soon as the first basins were integrated, enhanced 
sediment and water supply additionally resulted from the marked increase in upstream 
contributing area.  
5) Acceleration of slip caused by fault interaction and linkage around 0.8 Ma can 
explain the re-establishment of palustrine and lacustrine conditions during the Middle 
Pleistocene to Holocene time interval for some basins along the Aterno River. 
However, no evidence exists for the full disintegration of the river system during this 
time. 
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6) Overall, we conclude that rates of sedimentation and hangingwall subsidence in 
the central Apennines are well-matched, allowing tipping points between over- and 
underfilled conditions to be easily reached.  
7)  Our data show that the step-wise integration of the drainage network took over 
2 Myr, and our calculations indicate that the response time for the Aterno River to re-
equilibrate following complete drainage integration is at least 3 Myr. Consequently the 
effects of drainage network evolution can persist in landscapes and sediment routing 
systems for significant periods following complete integration of the fluvial system. 
8)  A broader implication of this work is in elevating the importance of the 
evolution of fluvial connectivity in continental rifts to the level of tectonics and 
climate in controlling transient landscape evolution and basin stratigraphy. Drainage 
network evolution in continental rifts is often considered as a simple consequence of 
tectonics, and in some cases climate change. This study suggests that drainage 
integration between individual rift basins be looked upon as an important factor in its 
own right. While drainage network evolution receives a lot of attention in settings 
where tectonic deformation has largely ceased, its consequences can be easily 
overlooked in actively extending settings, like the central Apennines, where the 
combination of active fault development, Quaternary climatic oscillations and regional 
uplift already produce a spectacular landscape evolution.  
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The overall aim of this PhD project was to improve our understanding of the interplay 
between surface processes, topographic development and normal fault activity in 
elevated continental rifts affected by mantle-related dynamic surface uplift. The work 
was motivated by the central Italian Apennines, which was used as a template and as a 
natural laboratory in respectively the numerical modelling and field-based studies 
presented in Chapters 3, 4, and 5. In this final part of the thesis, the main findings from 
the different papers are synthesised and their importance highlighted. In this chapter, 
Chapter 6, results that are mostly relevant to the central Italian Apennines are 
discussed. In the following chapter, Chapter 7, the wider implications of this work are 
discussed and recommendations are provided for future work.  
The central Apennines is already known to have experienced a dynamic long-term 
landscape evolution in response to normal fault interaction and development (Cowie 
and Roberts, 2001; Roberts and Michetti, 2004; Whittaker et al., 2007, 2008; Faure 
Walker et al., 2012; Cowie et al., 2012, 2013, 2017; Wedmore et al., 2017), the 
progressive integration of its drainage network (D’Agostino et al., 2001; Piacentini 
and Miccadei, 2014), mantle-related surface uplift (D’Agostino et al., 2001; Faure 
Walker et al., 2012; Faccenna et al., 2014) and Quaternary climatic oscillations (e.g., 
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Giraudi and Frezzotti, 1997; Ramrath et al., 1999; Tucker et al., 2011; Whittaker and 
Boulton, 2012) since approximately 3 Myr. The work presented in this thesis provides 
a number of new insights into the landscape evolution in the central Apennines, in 
particular related to the dynamic development of the drainage network (sections 6.2 
and 6.3) and mantle-induced fault development and surface uplift (section 6.4).  
6.2	 Drainage	integration:	patterns	and	driving	mechanisms	
Most fault-bounded basins in the central Apennines were internally drained during the 
Early- to Middle Pleistocene and became progressively integrated with one another 
and with the Tyrrhenian and Adriatic coasts over time. The Fucino basin is the only 
large basin that is still internally drained in the central Apennines today. Because of its 
position right at the main drainage divide, it seemed generally accepted that drainage 
integration results from upstream-directed headward erosion starting at the coast (e.g., 
D’Agostino et al., 2001). Numerical and field data analysis results presented in this 
thesis, however, demonstrate that drainage integration most likely started in the 
upstream or middle reaches of todays river systems. This produces a fundamentally 
different spatial-temporal pattern of drainage integration, both at river system (Chapter 
4) and regional scales (Chapter 3). Results from this work demonstrate that the order 
in which basins in the central Apennines become integrated follows predominantly a 
top-down (downstream-directed; Fig. 6.1b) rather than bottom-up (upstream-directed; 
Fig. 6.1a) pattern.  
Primarily based on the observed spatial-temporal patterns of drainage integration, we 
suggest here that a different mechanism controls the progressive integration of 
extensional basins and the establishment of through-going river systems. Previous 
work on the Apennines suggests that drainage integration occurred through headward 
erosion or river piracy, however, results from this thesis suggest that integration 
occurred because of the overfilling of basins with sediment and water, allowing them 
to overspill and to establish a fluvial connection with their downstream neighbours 
(Fig. 6.1a,b; Chapters 3 and 4). While overspill-driven  drainage  integration  is  a  new  
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Fig.	 6.1	 (shown	 on	 previous	 page)	 Schematic	 topographic	 cross-sections	 across	 an	 elevated	
continental	 rift	 like	 the	 central	 Apennines.	 Dominant	 spatio-temporal	 patterns	 of	 drainage	
integration	 in	 case	 drainage	 integration	 is	 driven	 by	 headward	 erosion	 (A)	 or	 basin	 overspill	




concept in the central Apennines, it is in line with a large and growing body of field 
studies from river systems in other extensional areas, in particular from the Basin and 
Range (e.g., Meek, 1989, 2019; Connell et al., 2005; Menges, 2008; Phillips, 2008; 
House et al., 2008; Larson et al., 2014; Repasch et al., 2017; Hilgendorf et al., 2020).  
At first glance, a top-down directed integration pattern seems inconsistent with the 
‘survived’ endorheic Fucino basin located at the main drainage divide. Its internal 
drainage, however, can be explained by the very high rate of slip on its main 
controlling fault system (>2 mm yr-1; Roberts and Michetti, 2004; Whittaker et al., 
2008), resulting in fast basin subsidence that outpaces its combined sediment and 
water supply (Fig. 6.1c). Moreover, considering the generally very similar rates of 
sedimentation and basin subsidence in this region (Chapter 4), the relative small 
dimensions of the Fucino source area compared to the size of its depocentre make this 
a very plausible scenario (Fig. 6.2a). However, an important shortcoming in our 
knowledge is whether the Fucino basin has been endorheic during its full history (as 
generally hypothesised), or whether it has been externally drained during the Early 
Pleistocene before becoming endorheic (Cavinato et al., 2002; Whittaker et al., 2008).  
Irrespective of its exact history, the closed conditions of the Fucino basin today 
illustrate that drainage integration by overspill does not necessarily produce a ‘perfect’ 
top-down pattern of drainage integration at river-system scale, i.e. from the main 
drainage divide all the way downslope to the Tyrrhenian and Adriatic coastal areas (as 
illustrated in Fig. 6.1b). In particular, in the central Apennines where normal faulting 
is highly active and variable (e.g., Cowie et al., 2017; Chapter 5), and also where other 
complexities such as inherited topography are prominent, the overspill pattern is likely 
more random. This is revealed both by the Aterno River dataset (Chapter 4) as well as 
by the regional-scale landscape evolution  model  experiments  (Chapter 3).  However,  
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Fig.	 6.2	 (prev.	 page)	 Topographic	maps	 (10	m	DEM	Tarquini	 et	 al.,	 2007)	 of	 the	 areas	 around	 the	
Fucino	basin	(A)	and	Sulmona	basin	(B).	The	blue	dotted	line	in	(A)	shows	the	dimensions	of	the	source	
area	 of	 the	 Fucino	 basin.	 The	 blue	 dotted	 line	 in	 (B)	 shows	 the	 catchment	 of	 the	Aterno	 river	 that	
started	draining	into	the	Sulmona	basin	around	0.7	Myr.	Red	lines	show	the	active	normal	faults	(light	
red	for	faults	with	increased	slip	rates	(around	0.8	Myr);	principally	after	Roberts	and	Michetti,	2004). 
even drainage integration patterns of more complex continental rifts are expected to 
reveal top-down integration patterns at a local scale, e.g., for two or three adjacent 
basins. A good example from the Aterno river system is the Sulmona basin that 
overspilled shortly after it experienced a massive increase in source area (Fig. 6.2b).  
Even though the overspill model presented in this thesis is based on field data from the 
Aterno river system, it is expected to apply to the central Apennines as a whole. 
Whereas the Aterno River is the largest river draining the Adriatic domain of the 
intramontane area, the Salto-Nera-Velino river system is the largest river draining the 
Tyrrhenian domain (see Fig. 2.6a,b in Chapter 2). For the most downstream located 
basin along this Tyrrhenian-draining river system, i.e. the Terni basin, continental 
deposits preserved at high elevation in the area of its former spill-point demonstrate 
that it became overfilled with sediment during the early Pleistocene and spilled over 
towards the Tyrrhenian coastal area (D’Agostino et al., 2001; Figs. 2.2 and 2.6a,b in 
Chapter 2). In other words, even though a complete drainage integration reconstruction 
for this large Tyrrhenian river system is currently lacking, overspill processes are 
expected to be the dominant mechanism driving drainage integration in the central 
Apennines in general.  
6.3	 Implications	of	overspill-driven	drainage	integration	
The conceptual model of overspill-driven drainage integration provides a 
fundamentally different view on various aspects of long-term landscape evolution in 
the central Apennines. It is first of all considered of key importance for the 
interpretation of stratigraphic records from the different fault-bounded intramontane 
basins. While drainage integration is a well-known phenomenon in the central 
Apennines, its impact on basin stratigraphy has been completely neglected. So far, 
stratigraphic trends have been only explained in terms of fault activity (e.g., Cavinato, 
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1993; Cavinato and Miccadei, 2000), changing climatic conditions (e.g., Cavinato and 
Miccadei, 2000; Miccadei et al., 2002; Giaccio et al., 2012), or regional uplift-induced 
fluvial incision (e.g., D’Agostino et al., 2001). However, Chapter 4 in this thesis 
demonstrates that it is the process of drainage integration itself that acts as a first-order 
control on the main stratigraphic units within each basin along the Aterno River. 
 
Fig.	 6.3	 A)	 Schematic	 cross-section	 showing	 the	 characteristic	 stratigraphy	 of	 basins	 in	 the	 central	
Apennines.	The	major	transition	from	lacustrine	sedimentation	to	fluvial	sedimentation	or	incision	is	
explained	by	basin	overspill.	B)	Endorheic	conditions	predominated	during	early	stages	of	extension	
because	 rates	 of	 basin	 subsidence	 generally	 outpaced	 rates	 of	 sediment	 and	 water	 supply.	 An	
increase	 in	 combined	 sediment	 and	 water	 supply	 relative	 to	 basin	 subsidence	 allowed	 basins	 to	
spillover	during	later	stages	of	extension	(Chapter	4).	
 
To first order, most basins in the central Apennines have a similar stratigraphic build-
up with lacustrine deposits making up the lower (mostly Early Pleistocene) and 
thickest portion of the stratigraphy, which are topped by a relative thin layer of fluvial 
conglomerates (usually late Early to Middle Pleistocene in age). In general, the upper 
part of the stratigraphy is deeply dissected by the modern-day, basin traversing river 
systems (Fig. 6.3). For each individual basin, this stratigraphic build-up reflects a 
relative long period with endorheic conditions and mainly lacustrine sediment 
deposition, followed by a time interval of external drainage, fluvial sedimentation, 
reworking or erosion, and subsequently a period of deep fluvial incision (Chapter 4). 
This characteristic stratigraphy reveals a major transition from primarily deposition 
towards primarily sediment reworking or erosion that is associated with the 
progressive basin infill and integration of the drainage network. The only basin that is 
different to the characteristic stratigraphic record outlined here is the Fucino basin as it 
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has lacustrine sediments in its youngest stratigraphy and lacks major fluvial strata and 
deep incision (Cavinato et al., 2002; Whittaker et al., 2008). 
The characteristic stratigraphic build-up of basins in the central Apennines as 
illustrated in figure 6.3 clearly demonstrates the most important impact of drainage 
integration, namely the transition from the complete storage of sediment and ponding 
of water towards a situation in which sediment and water is mainly exported out of the 
basins. This transition in turn strongly impacts on the prevailing depositional 
environments. However, the dataset from the Aterno River also shows that, on top of 
this characteristic basin stratigraphy, there is a lot of variability between the different 
basins (Chapter 4).  
The stratigraphic variability between the basins is likely a function of many factors. 
However, three aspects are considered of key importance for basins in the central 
Apennines, first of all, the spatio-temporal pattern of drainage integration. When a 
basin becomes integrated with basins located further up- and downstream, it 
experiences a drop in base level and an increase in sediment and water supply. 
However, how drastic these changes are (e.g., the increase in source area or the 
magnitude of the base level fall) and whether the base level fall is occurring before or 
after sediment and water supply increase depend, to a large extent, on the relative 
order in which basins become integrated. The importance of the spatio-temporal 
pattern of drainage integration can be nicely illustrated with the Paganica-San 
Demetrio (PSD) basin that is located along the middle reaches of the Aterno River 
(Fig. 6.4a). In strong contrast to all the other basins along the Aterno River, this basin 
accumulated thick Gilbert delta deposits because it acted as a regional depocentre for a 
significant amount of time and received high sediment and water supply from a large 
(already mostly integrated) hinterland. If this basin would have been integrated with 
other basins further downstream earlier, there would not have been any trapping of 
sediment by the deep lake in the Paganica-San Demetrio basin and the thick delta 
deposits would not have been formed.  
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A second key factor controlling stratigraphic variability between basins in the central 
Apennines is the relative position of a basin along the (ultimately integrated) river 
system (Chapter 4). The further upstream a basin is located, the smaller the increase in 
source area it experiences when it becomes integrated with other basins further 
upstream. Therefore, the stratigraphy of far upstream-located basins (e.g., the 
Montereale (MTR) and Barete-Pizzoli (BPZ) basins in Fig. 6.4a) is not affected by 
major increases in sediment supply or abrupt deepening of lakes associated with 
drainage integration. The opposite applies to far downstream-located basins (e.g., the 
Sulmona (SUL) basin in Fig. 6.4a), for which drastic, drainage integration-induced 
increases in sediment and water supply are expected (Chapter 4).  
	
Fig.	 6.4	 Drainage	 integration	 along	 the	 Aterno-Pescara	 river	 system	 (see	 Fig.	 8	 in	 Chapter	 4	 for	
details).	 A,	 C)	 Maps	 of	 the	 Aterno	 river	 system,	 showing	 the	 situation	 before	 (A)	 and	 after	 (C)	
drainage	integration.	B)	Schematic	diagram	showing	the	integration	of	the	different	basins	along	the	
longitudinal	 profile	 of	 the	 Aterno	 River.	 Initially,	 all	 basins	 were	 endorheic	 and	 isolated	 from	 one	
another,	all	having	their	own	local	base	level	(top	profile).	Over	time	the	different	basins	spilled	over	
and	established	fluvial	connections	with	one	another.	Depending	on	the	elevation	difference	between	






A third factor that explains much of the inter-basin variability in stratigraphy is the 
elevation difference between adjacent basins prior to integration. A large elevation 
difference results in a large fall in local base level and deep fluvial incision in the 
upstream basin associated with integration. The downstream basin on the other hand 
experiences a marked increase in sediment supply because of the upstream 
propagating wave of deep fluvial incision. By contrast, a small elevation difference 
between adjacent basin floors prior to drainage integration results in a relatively small 
drop in base level and, in turn, more limited fluvial incision. The variability in 
elevation difference between basins can for instance explain why only three (instead of 
six) major knickzones are recognised along the Aterno river system (Fig. 6.4b; 
Chapter 4).  
This thesis also demonstrates that overspill-driven drainage integration is important for 
understanding the topographic evolution of the central Apennines. First of all basin 
overspill can explain large convex reaches along the longitudinal river profiles that 
result from discrete waves of fluvial incision associated with individual drainage 
integration events (Fig. 6.4b,c; Chapter 4). Moreover, because drainage integration 
commenced in the middle or upper reaches of todays through-going river systems, the 
interior of the mountain range developed in isolation from the foreland area for most 
of the Quaternary. In combination with long-term regional uplift this allowed for the 
development of a large topographic disequilibrium between the mountain interior and 
the coastal areas (Chapter 3; see also section 7.2.3). This explains why the upper limits 
of most basin fills in the central Apennines are perched far above sea level, but have 
become deeply dissected by river systems since connections have been established 
with the foreland areas (Fig. 6.4b).  
6.4	 Mantle-related	surface	uplift	and	fault	activity	
Many studies suggested the potential relationship between mantle dynamics, regional 
uplift and extensional faulting in the central Apennines because of the correlation 
between topography, post-glacial (15±3 ka) upper crustal strain rates, finite (2.5-3 
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Ma) upper crustal strain, free air gravity anomalies, advective heat flux, and low P-
wave velocities in the uppermost mantle (e.g., D’Agostino and McKenzie, 1999; 
D’Agostino et al., 2001, 2014; Di Stefano et al., 2009; Faure Walker et al., 2012; 
Chiarabba and Chiodini, 2013; Faccenna et al., 2014). Chapter 5 of this thesis, 
however, is first in exploring the dynamic interaction between these processes for the 
setting of the central Apennines through numerical experiments.  
The results from Chapter 5 demonstrate that mantle lithosphere removal can, first of 
all, explain the correlation between high topography, regional surface uplift, 
extensional faulting and high advective heat flux as observed in the central Apennines 
(e.g., Faure Walker et al., 2012; Chiodini et al., 2013). However, mantle lithosphere 
removal can also explain the observed low anomaly in gravimetric data as dense 
mantle lithosphere is replaced by light sub-lithospheric mantle (D’Agostino et al., 
2001). Moreover, the model can explain the pronounced negative velocity anomaly 
(∆!! = −8%) in the upper mantle, as P-wave velocities get reduced in hot and 
buoyant sub-lithospheric mantle (Di Stefano et al., 2009). 
Elevated topography in the central Apennines has also been explained by mantle 
convection exerting upwards stresses at the base of the lithosphere (Faccenna et al., 
2014). However, a notable characteristic of so-called ‘dynamic topography’ is its low 
amplitude (less than a few hundred metres) and long wavelength of at least several 
hundred but commonly more than thousand kilometres (e.g., Braun, 2010; Molnar et 
al., 2015). By contrast the wavelength of regional topography in the central Apennines 
is only ~100 km. Moreover, mantle convection does not provide a mechanism for the 
localisation of extensional strain within this narrow zone. The results from Chapter 5 
in this thesis suggest that it is more likely that mantle lithosphere removal rather than 
mantle convection acts as a first-order control on the localisation of surface uplift and 






However, a question that is not addressed in Chapter 5 is what the larger-scale context 
is of mantle lithosphere removal underneath the central Apennines? For instance, fault 
extensional strain rates also correlate with elevated topography and surface uplift in 
the southern part of the Apennines, though across a much narrower zone and with 
lower uplift and strain rates (Fig. 6.5; Faure Walker et al., 2012). Whereas the P-wave 
velocity anomaly underneath the central Apennines is most pronounced, velocities in 
the upper mantle are indeed reduced along most of the Apennines (Fig. 6.6; Di Stefano 
et al., 2009). This suggests that thinning of mantle lithosphere is a regional 
phenomenon associated with the Apennines subduction setting. Interruptions along the 
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Adriatic slab, for instance slab tears and detachments, may have resulted in varying 
degrees of lithospheric thinning and weakening, and in turn along-strike variations in 
topography and extensional faulting (e.g., Rosenbaum et al., 2008; Faure Walker et al., 
2012; Chiodini et al., 2013). 
	
Fig.	6.6			P-wave	velocities	in	the	upper	most	mantle	(52	km	depth)	computed	from	regional	seismicity	
(Di	 Stefano	et	al.,	 2009).	Red	 to	yellow	colors	are	negative	anomalies,	dark	 to	 light	blue	 colors	are	
positive	anomalies.	The	red	arrows	plotted	on	top	are	horizontal	GPS	velocities	(Devoti	et	al.,	2011).	
This	 figure	 shows	 that	 P-wave	 velocities	 are	 low	everywhere	 beneath	 the	Apennines,	 but	 are	most	







This chapter discusses the wider implications of the main findings presented in this 




Novel aspects of Chapters 3 and 4 in this thesis are the role of the drainage network 
itself in producing a dynamic river network evolution. Whereas conceptual models of 
tectono-stratigraphic evolution of rifts exist at the scale of individual fault systems or 
basins (e.g., Gawthorpe and Leeder, 2000; Densmore et al., 2003; Cowie et al., 2006; 
Whittaker et al., 2010), this study demonstrates important aspects of the regional-scale 
tectonic-stratigraphic development of continental rifts systems characterised by 
multiple active parallel fault systems and their associated basins (Fig. 7.1). This 
regional-scale source-to-sink perspective, or alternatively multiple-source-to-multiple-
sink perspective, is considered of key importance as the histories of infilling and 








Chapters 3 and 4 of this thesis discussed whether headward erosion or basin overspill 
drove drainage integration in the central Apennines. This discussion contributes to the 
wider debate on the relative importance of these two mechanisms that both strongly 
relate to developments within the fluvial realm (recent review provided by Hilgendorf 
et al., 2020).  
In the wider tectonic-stratigraphic rift community, however, drainage integration is 
often also associated with the structural evolution of continental rifts. During the initial 
stages of fault growth, prior to fault interaction and linkage, transverse folds produce 
elevated topography at the boundaries between isolated fault segments, which act as 
along-strike topographic barriers for the drainage system. Fault linkage, however, 
causes these elevated areas to subside, allowing depocentres to merge and axial river 
systems to form (Gawthorpe and Leeder, 2000). The results from this thesis, however, 
suggest that fault linkage played no significant role in the establishment of through-
going river systems in the central Apennines. First of all, because many basins in the 
central Apennines became already integrated with one another before fault linkage is 
estimated to have occurred (~0.8 Ma; Roberts and Michetti, 2004; Whittaker et al., 
2008; Chapter 4). Secondly, many fluvial connections were clearly cut directly into 
bedrock spillways rather than into a depositional surface on-lapping these topographic 
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barriers. Thirdly, the surface process modelling study presented in Chapter 3 
reproduced the trend of regional drainage integration also without effects from fault 
interaction and linkage.  
Therefore, this study of the central Apennines strongly suggests that drainage 
integration must be considered as a mechanism of equal importance to the structural 
evolution of rifts. Although fault linkage favours drainage integration, these 
developments are not necessarily related and occurring simultaneously. In the central 
Apennines fault linkage mainly occurred after many basins already got fluvially 
integrated, whereas many through-going river systems in the Basin and Range became 
established long after extension ceased (e.g., Meek, 1989; Connell et al., 2005; House 
et al., 2008; Phillips, 2008; Larson, et al., 2014; Reheis et al., 2014).  
7.1.3	 Tipping	the	balance	
One of the key findings of Chapters 3 and 4 in this thesis is the importance of the 
balance between the rates of sediment and water supply versus the rate of basin 
subsidence in controlling drainage network evolution in continental rifts (Fig. 7.2a). If 
basin subsidence outpaces sediment and water supply, basins become progressively 
more underfilled and are most likely endorheic. If sediment and water supply outpace 
accommodation creation, underfilled basins become progressively filled until water or 
sediment reaches the spillpoint allowing the basin to spill over. In the case of a 
continental fault-bounded basin, the accommodation space comprises its total volume 
up to the elevation of its spill point, irrespective of the height of the lake level. This is 
different from the way accommodation space is defined for the (open system of the) 
offshore, namely as the space that is available for sediment to accumulate below 
base/sea level (e.g., Allen and Allen, 2013). From the importance of the balance 
between basin subsidence and infilling it follows that drainage integration is a function 
of all factors affecting either sediment and water supply or the rate of accommodation 




between	 basin	 filling	 and	 subsidence.	 B)	 Relative	 changes	 in	 the	 rates	 of	 basin	 filling	 and	 basin	
subsidence	 can	 lead	 to	 changes	 in	 the	 connectivity	of	 the	drainage	network.	 These	 three	diagrams	
show	 a	 few	 examples	 of	 potential	 scenarios,	 of	 different	 relative	 trajectories	 of	 the	 rates	 of	 basin	
filling	(blue)	and	subsidence	(red).	
 
This concept of tipping the balance between underfilled and overfilled conditions is 
suspected to be relevant for understanding the long-term evolution of river networks in 
continental rifts around the globe (Fig. 7.2b). In the Basin and Range province for 
instance, arid climatic conditions strongly limit sediment and water supply, what may 
explain why the integration of many river systems could only occur after the cessation 
of extension (e.g., Connell et al., 2005; House et al., 2008) or required intense glacial 
periods for developing deep pluvial lakes that could overflow (e.g., Meek, 2019). This 
thesis suggests that in the central Apennines, drainage integration might have started 
because of the Early-Middle Pleistocene climatic transition (Chapter 4), or the more 
gradual long-term increase in fault-related relief (Chapter 3), that increased erosion 
rates and in turn the sediment supply to basins. 
Returning back to truly endorheic conditions is not common in the central Apennines 
(Chapter 4). In order to make this happen, rapid depositional process (at least a couple 
of mm/yr) in the basin’s spillway seems required in addition to fault slip rate 
acceleration. This is because in case of the reversed trend, basin subsidence not only 
has to outpace sediment and water supply, but also incision at the spill point imposed 
by the through-going river system (Fig. 7.2a). In case the Fucino basin has been 
temporarily externally drained and reversed towards endorheic conditions (Whittaker 
et al., 2008), its spillpoint may have been elevated quite rapidly because of alluvial fan 
progradation or activity of the NE-SW-striking Tre Monti fault (Fig. 6.2a). Other good 
candidate processes for blocking spillways in the Apennines are tufa (or travertine) 
formation that can form at a rate of several centimetres each year (e.g., downstream of 
the Rieti and Sulmona basins; Lombardo et al., 2001) and landslide activity (e.g., near 
L’Aquila). In other areas as for instance the Rio Grande Rift, damming of axial rivers 





Previous work has mainly focussed on the impact of fault array development on 
drainage network and basin stratigraphic development in continental rifts (e.g., 
Gawthorpe and Leeder, 2000; Densmore et al., 2003, 2004; Cowie et al., 2006; 
Gawthorpe et al., 2018). The results of this thesis, however, demonstrate that the 
evolution of individual basins and their degree of fluvial connectivity, in turn, strongly 
affect the long-term landscape evolution of continental rifts. Instead of ‘passively’ 
waiting to become captured by a headward eroding river system (e.g., D’Agostino et 
al., 2001; Dickinson, 2015), basins play an ‘active’ role in controlling water and 
sediment dispersal across the rift, the timing of spill-over events, and therefore 
influence the overall pace and pattern of rift-wide drainage integration. Even though 
the balance between basin subsidence and infilling is affected by larger-scale and 
longer-term developments (e.g., fault evolution, climate) or inherited conditions (e.g., 
bedrock lithology, inherited topography and structures), the results in this thesis 
highlight the importance of basins as active components in, rather than simply 
products of, landscape evolution in continental rifts (Chapters 3 and 4).  
7.2.2	 Sediment	dispersal	and	basin	stratigraphy		
Closed endorheic basins trap all the water and sediment from their direct surrounding 
uplands, and potentially also from further upstream-located basins that have a drainage 
connection with them. As soon as a fluvial connection is established with a 
downstream located basin, sediment and water are no longer trapped and can be 
transported further downstream. Therefore the overall impact of rift-wide drainage 
integration is the step-wise transition from primarily local (short-distance) sediment 
transport and storage into an interconnected drainage system of (long-distance) 
sediment dispersal (Fig. 7.1b; e.g., Gawthorpe and Leeder, 2000; Meek, 2019). 
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Drainage integration generally also causes a transition from primarily deposition to 
fluvial reworking and incision (Chapters 3 and 4).  
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Fig.	 7.3	 (shown	 on	 previous	 page)	 Schematic	 stratigraphic	 columns	 of	 six	 adjacent	 fault-bounded	
basins	 that	become	progressively	 integrated	with	one	another	over	 time,	 either	 through	headward	
erosion	(a)	or	basin	overspill	processes	(b,	c).	Important	to	note	is	that	the	stratigraphic	columns	are	
highly	 simplistic,	 and	only	distinguish	between	phases	of	 internal	 (mostly	 lacustrine	 sedimentation)	
and	external	drainage	(either	fluvial	sedimentation	or	deep	incision).	Instead	of	a	‘perfect’	top-down	
pattern	(b),	more	variable	patterns	of	drainage	 integration	(c)	can	result	 from	spatial	and	temporal	
variability	 in	 factors	 like	 (inherited)	 topography,	 (inherited)	 structures,	 drainage	 network,	 basin	
source	area	dimensions,	fault	activity,	lithology	and	climate.	
 
Overspill-driven drainage integration has been recognised for river systems in the 
Basin and Range Province where it tends to create clear top-down patterns of drainage 
integration along the full length of river systems. For instance along the Rio Grande 
(e.g., Repasch et al., 2017), Mojave River (e.g., Meek, 2019), and lower Colorado 
River (House et al., 2008), drainage integration started near their headwaters and 
subsequently proceeded in a downstream direction. An important finding of this thesis 
is, however, that the overspill of normal fault-bounded basins not necessarily produces 
a river system-scale top-down integration pattern sensu stricto (Fig. 7.3b). As 
demonstrated by the Aterno river dataset (Chapter 4), overspill-driven integration 
patterns of natural river systems can be expected to be much more complicated, in 
particular for tectonically active continental rifts or those with inherited complexities 
from pre-extensional times. In such rift systems, drainage integration can theoretically 
start in any basin along a river system, depending on which basin is first in tipping its 
balance from under- to overfilled conditions (Fig. 7.3c).  
However, top-down integration patterns can still be considered characteristic for 
overspill-controlled drainage integration because the first overfilled basin triggers a 
‘ripple effect’ as the release of sediment and water from each integrated basin favours 
the overfilling of its downstream neighbour (e.g., Meek, 2019). Therefore, even for 
large river systems in active continental rifts, top-down patterns of drainage 
integration are expected to be present across relative short distances, for instance for 
series of two or three neighbouring basins only. The best example from the central 
Apennines for this ‘ripple effect’ is the overspill of the Sulmona basin (~0.65 Myr) 
shortly after the overspill of the integrated Aterno river system across the San 
Venanzio gorge (~0.7 Myr; Fig. 6.2b). In other words, whereas the overall spatio-
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temporal pattern of drainage integration is not necessarily ‘top-down’, top-down 
patterns are likely revealed across shorter distances (compare Figs. 7.3b and c). 
Because of the ripple effect, overspill-driven drainage integration can be expected to 
proceed relative quickly compared to the relatively inefficient process of headward 
erosion (compare Figs. 7.3a and b; e.g., Bishop, 1995; Douglass et al., 2009). Making 
distinctions between pre-, syn- and post-drainage integration phases in basin 
stratigraphy might help unravel regional-scale effects of sediment dispersal in 
continental rift evolution (Fig. 7.3b,c). Whereas prior to drainage integration basin 
deposits are mainly local-derived, the post-drainage integration stratigraphy is 
characterised by the deposition of mixtures of sediment from short and long-distance 
transport, or by fluvial incision. During the integration phase, the number of endorheic 
basins progressively declines due to the increase in fluvial connectivity, and is 
expected to result in the most pronounced variability in between the stratigraphy of the 
different basins.  
7.2.3	 Transient	landscape	evolution	
Drainage integration contributes greatly to transient landscape evolution in the central 
Apennines and in many other continental rifts (e.g., Connell et al., 2005; Larson et al., 
2014; Repasch et al., 2017). As already summarised in section 6.3, the fluvial 
connectivity between basins controls the presence of local base levels, regional-scale 
erosion-deposition patterns and sediment dispersal, longitudinal river profile evolution 
and river terrace development. An aspect that has not been fully addressed is the 
potential impact of drainage integration on the overall topographic evolution of, in 
particular elevated, continental rifts. Characteristic for continental rifts that are 
affected by long-wavelength uplift is that significant elevation differences can develop 
between basins. In other words, large topographic disequilibria can develop at relative 
short distance between adjacent basins, but also at a regional-scale as for instance 
between the foreland areas and the interior of the central Apennines. Therefore, 
characteristic for elevated continental rifts that only recently underwent drainage 
 188 
integration is the existence of local maxima in their hypsometric distributions (Fig. 
7.4).  
For natural systems it is challenging to distinguish between the contributions of 
drainage integration compared to, for instance, changes in climate and tectonics to 
transient landscape evolution. Therefore, the simplified numerical experiments from 
Chapter 3 are important as these clearly demonstrate that drainage integration itself 
produces a highly dynamic landscape evolution, even if both climate and tectonic 
forcing are constant. The fact that transient effects from drainage integration can 
persist in the landscape for many millions of years and that fluvial connectivity 
controls the propagation of tectonic and climatic signals across landscapes, suggests 
that drainage integration needs to be considered as an equally important factor as 















the	 basins.	 The	 river	 profiles	 adjust	 through	 the	 upstream	 propagation	 of	 these	 knickzones.	 Large	
(schematic)	 hypsometric	 curve	 in	 left-central	 part	 of	 figure:	 Hyposometric	 curve	 of	 elevated	
continental	 rifts	 prior	 to	 drainage	 integration	 are	 characterised	 by	 one	 or	 more	 local	 maxima,	
controlled	by	the	elevation	of	the	flat	plains	of	the	initially	closed	basins.	After	drainage	integration	









Dynamic surface uplift in response to mantle lithosphere thinning has been inferred for 
various tectonic settings around the globe (e.g., Le Pourhiet et al., 2006; Garzione et 
al., 2008; Göğüş and Pysklywec, 2008a). Numerous numerical and analogue 
modelling studies focussed on the dynamic of different mechanisms of lithosphere 
removal, e.g., delamination (Bird, 1979) and lithospheric dripping (Houseman, 1981), 
but also under what type of conditions different mechanisms occur (e.g., Göğüş and 
Pysklywec, 2008b). Other studies demonstrated how the different mechanisms differ 
in terms of surface expressions, e.g., topographic uplift or patterns of shortening 
versus extension (e.g., Göğüş and Pysklywec, 2008a; Göğüş et al., 2011). These 
modelling studies, in turn, made it feasible to deduce mechanisms of lithospheric 
thinning for natural systems based on field data-based reconstructions of uplift and 
crustal deformation (e.g., Cosentino et al., 2012; Schildgen et al., 2014).  
The novelty of Chapter 5 of this thesis is that it focuses on the impact of lithospheric 
thinning, not only on surface uplift, but also on spatial-temporal changes in patterns of 
normal fault activity. Whereas previous studies already explored the impact of mantle 
lithosphere removal in extensional settings (e.g., Le Pourhiet et al., 2006) the model 
experiments in Chapter 5 allowed for the systematic analysis of patterns of fault slip 
distribution and slip rate variability. Moreover, this is the first modelling study 
motivated by the central Apennines, and can directly compare model results with first-
order characteristics of this region.  
Compared to previous modelling studies, the horizontal extent of mantle lithosphere 
removal, surface uplift and extension is very small (<150 km). The experiments in 
Chapter 5 demonstrate that this small scale has a number of important effects on the 
topography and fault development. First of all, it results in a dome-shape pattern of 
surface uplift rather than plateau uplift as revealed by experiments where mantle 
lithosphere is delaminating across much larger areas (e.g., Göğüş and Pysklywec, 
2008a). Secondly, the relative small dimensions allow the stiffness of the crust to limit 
the total amount of isostatic uplift. Thirdly, the bending of the crust at short distance to 
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the narrow zone with active fault array makes plate flexure an important factor in 
controlling fault activity.  
Isostatic uplift can result in extension in high terrain elevated at least several thousand 
of metres above its surroundings due to the large potential energy contrast (e.g., 
England and Houseman, 1989). However, Chapter 5 shows that extension does not 
start when regional topography is less than a thousand metres without far-field 
extension. Therefore, the experiments are important as they demonstrate that elevated 
topography and extension can be linked and both be associated with thinning of the 
lithosphere but do not necessarily need to have a causative relationship. For the 
Apennines, it has been hypothesised that both extension and uplift are driven by the 
same mantle-related mechanism (e.g., Faure Walker et al., 2012). Chapter 5, however, 
shows that removal of mantle lithosphere does not drive extension, but only localises 
far-field extension into the narrow zone of thermally weakened crust. These results are 
consistent with horizontal GPS velocities measured for the Italian Peninsula, showing 
far-field extension associated with the rotation of the Adriatic plate relative to Europe 
(e.g., D’Agostino et al., 2011; Devoti et al., 2011).  
Chapter 5 also contributes to research focussing on fault development and slip rate 
variability. Even though the numerical experiments in Chapter 5 are only two-
dimensional and therefore do not allow for along-strike fault growth, linkage and 
interaction, fault extension rates vary markedly over time. Therefore, also these model 
experiments demonstrate that slip rate variability is an essential feature of normal fault 
systems (e.g., Walsh and Watterson, 1991; Friedrich et al., 2003; Nicol et al., 2010; 
Wedmore et al., 2017). However, an interesting new insight is that the variability is 
revealed over much longer time-scales, namely 104-105 yr, than has been resolved by 
means of field data (e.g., Nicol et al., 2006; 2010; Cowie et al, 2017). This implies that 
variability in fault slip can be expected over a wide range of timescales from 
thousands (e.g., Cowie et al., 2017) to several hundred thousands of years (Chapter 5). 
The experiments suggest that this longer-term variability originates from flexure of the 
rift-bordering plates (Cowie et al., 2017). Furthermore, the results from Chapter 5 
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demonstrate the importance of fault geometry and rheology of the lower crust in 
controlling the distribution of extensional strain among the different active faults. 
7.4	 Future	perspectives	
7.4.1	 Process-based	understanding	of	drainage	integration		
The concept of overspill-driven drainage integration in continental rifts developed in 
this thesis needs verification on a wider dataset, both for the central Apennines, as well 
as for other active continental rifts (e.g., active parts of the Basin and Range, Corinth, 
East-African Rift). Although the research in this thesis integrated data on fault 
development, stratigraphy, sedimentation rates, and geomorphology, a wider range of 
data is available from the central Apennines that can be used for investigating drainage 
integration processes in higher detail. Whereas, first-order estimates of sedimentation 
and basin subsidence rates where used in Chapter 4, there is more detailed data 
available from this area on the temporal variability in sedimentation rates, fault slip 
rates, and climate-induced changes in discharges and erosion.  
Another important advance that could be made is to compare rates of basin subsidence 
and infilling (as in Fig. 9 in Chapter 4) in a volumetric, rather than one-dimensional 
way, for individual basins separately, and to include estimates of lake volumes. This 
basin-by-basin approach is probably feasible for some of the major fault-bounded 
basins in the central Apennines with high data densities, for instance the basins around 
l’Aquila.   
Even though headward erosion (not to be confused with the upstream propagation of 
knickpoints along pre-existing rivers) is not considered to be of any relevance for 
long-term drainage integration in the central Apennines, the general debate on the 
relative importance of headward erosion versus basin overspill mechanisms is clearly 
in need of studies that systematically constrain the efficiency of headward erosion over 
timescales of millions of years and under different types of climatic and tectonic 
conditions. This might only be feasible through landscape evolution modelling, and 
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requires the development of numerical algorithms that correctly describe the dynamics 
of the uphill propagation of incising riverheads. 
7.4.2	 The	impact	of	drainage	integration	
The research presented in Chapters 3 and 4 of this thesis provide important new 
insights into the impact of drainage integration on basin stratigraphy and transient 
landscape evolution. However, the wealth of data that is currently available for the 
central Apennines allows for the analysis of the consequences of drainage integration 
in much higher detail. While this work mainly focused on first-order effects like for 
instance abrupt changes from lacustrine deposition to fluvial erosion, more detailed 
stratigraphic analyses may reveal important additional insights into the character of 
these transitions. The detailed chronostratigraphic framework that exists for the central 
Apennines is a critical factor in such analysis. 
In order to advance our understanding of the impacts of drainage integration for 
continental rifts in more general, it is important to compare results from this work in 
more detail with studies focusing on other areas. This would allow the effects of 
factors like climatic conditions, lithology, or the structural and topographic build-up of 
the rift on drainage integration to be determined. In the Basin and Range for instance, 
drainage integration events often occurred through catastrophic lake outburst events 
that almost instantaneously removed most of the fine-grained lake sediments (e.g., 
Meek, 2019). By contrast, in the central Apennines drainage integration events were 
not as catastrophic and the lacustrine clays have been largely preserved because top 
layers of fluvial conglomerates protected them from erosion. 
7.4.3	 Normal	fault	activity	in	settings	of	mantle-induced	surface	uplift	
The numerical modelling study presented in Chapter 5 was designed for exploring the 
impact of mantle-lithosphere removal on surface uplift and extensional faulting in the 
central Apennines. It demonstrates that lithospheric thinning is mainly relevant for 
controlling the wavelength of surface uplift and crustal weakening, and therefore, the 
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width of the active fault array. However, the distribution of extension among the active 
faults and temporal variability in their slip rates turns out to be mainly controlled by 
the characteristics of the fault array and crustal rheology. Therefore, for research 
primarily focussed on dynamic normal fault behaviour, it is recommended to continue 
first of all with crustal scale models. By varying the strength of the lower crust, the 
impact of mantle lithosphere removal-induced crustal weakening can also be indirectly 
tested. The experiments in Chapter 5 demonstrated that the impact of isostatic surface 
uplift on fault behaviour is negligible.  
The results in Chapter 5 also show the importance of fault geometry in controlling 
dynamic fault behaviour. This suggests a major role for structural inheritance. 
Therefore, our understanding of fault interaction and slip rate variability can be 
advanced by developing modelling studies that systematically test the impact of 
inherited structures and associated fault geometries.   
An important limitation of the experiments in Chapter 5 is the lack of surface 
processes. Because previous studies have demonstrated the major importance of 
surface processes on fault development, it is strongly recommended to include surface 
processes in future modelling studies investigating dynamic fault behaviour in 
continental rifts. As sediment dispersal occurs primarily in an along-strike direction, it 





1) The connectivity of drainage networks in continental rifts is primarily 
controlled by the balance between the filling and subsidence of fault-bounded basins. 
Basin filling occurs through the supply of sediment and water, whereas basin volume 
is controlled by fault slip and changes in spill-point elevation. 
2) Drainage integration occurs when initially underfilled and internally drained 
basins become overfilled with sediment and water allowing basins to overspill. 
Because the newly established fluvial connections allow water and sediment to 
cascade downstream, drainage integration predominantly follows a top-down spatial-
temporal pattern. Local conditions, however, can add significant randomness to the 
pattern of drainage integration and even produce a reversed trend towards basin 
isolation.  
3) Even if climate conditions and tectonic forcing are constant, drainage 
integration produces a highly dynamic landscape evolution with abrupt and 
pronounced changes in local base levels, the locus of erosion and deposition, sediment 
and water dispersal, and depositional environments. Moreover, consecutive drainage 
integration events produce discrete upstream migrating waves of fluvial incision and 
terrace formation. 
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4) Drainage integration is as important as climate and tectonics in controlling 
basin stratigraphy, drainage network evolution, topographic development in 
continental rifts and therefore needs to be considered as a factor in its own right. 
Drainage integration produces transient conditions that can persist for millions of years 
following the complete integration of the river network. 
5) Removal of mantle lithosphere causes upwelling of hot buoyant sub-
lithospheric mantle and, in turn, isostatic surface uplift. Because this additionally 
results in thermal weakening of the crust, far-field extension becomes localised in the 
area of elevated topography. 
6)     Therefore, removal of mantle lithosphere can explain active extensional 
faulting in areas of high topography subject to regional extension. The width of the 
active fault array and the length-scale of the regional topography reflect the 
dimensions of the area of mantle lithosphere removal. 
 7) Mantle lithosphere removal not only explains a correlation between fault strain 
rates, topography and surface uplift, but can also explain enhanced surface heat fluxes, 
negative gravity anomalies and low P-wave velocities in the upper mantle.  
8) Fault extension rates vary over a range of 104-105 year timescales, which are 
longer time-scales of extension rate variability than previously described. This 
temporal variability results from fault interaction and the associated migration of the 
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We	 simulated	 vertical	 surface	 deformation	 in	 response	 to	 normal	 faulting	 using	 the	 linear	 elastic	
dislocation	 model	 within	 the	 Coulomb	 3.4	 package	 (Toda	 et	 al.,	 2005;	 Lin	 &	 Stein,	 2004).	 This	 model	
considers	displacement	across	 fault	planes	as	edge	dislocations	which	produce	stresses	and	strain	 in	an	
elastic	 half-space	with	 uniform	 isotropic	 elastic	 properties	 (Bell,	 2008;	 Okada,	 1992).	 In	 our	model	we	
consider	the	vertical	displacements	caused	by	slip	on	a	simplified	version	of	the	central	Apennines	fault	
network.	Total	slip	along	the	fault	planes	is	controlled	by	a	scaling	factor	!	(‘gamma’)	between	fault	length	
and	 fault	 slip.	 Two	 other	 important	 parameters	 that	 control	 vertical	 surface	 displacement	 fields	 in	 an	
elastic	 half-space	 are	 fault	 dip	 angle	 (‘dip’)	 and	 fault	 root	 depth	 (‘root’).	 As	 these	 parameters	 are	 not	




Michetti	 (2004)	 dip	 angles	 vary	 in	 between	50°	and	70°,	 and	 therefore	we	 have	 used	 50,	 60	 and	70°	as	







Parameter	 Description	 Values	 Units	
dx,dy	 grid	resolution	 1	 !"	
!	(‘gamma’)	 fault	displacement/	length	scaling		 0.04,	0.07,	0.1	 −	
‘dip’	 fault	dip	angle	 50,	60,	70	 ∘	
‘root’	 fault	root	depth	 12,	15,	18	 !"	
!	 Poisson’s	ratio	 0.25	 −	
Ε	 Young’s	modulus		 8∙ 10!"	 !"	
!	 Friction	coefficient	 0.4	 −	
	










we	 used	 this	 surface	 deformation	 field	 as	 our	 standard	 faulting	 scenario	 in	 most	 of	 the	 experiments	
presented	in	this	study	(Fig.	2a	in	the	main	article).	Although	the	minimum	and	maximum	for	!	generate	









We	 used	 four	 geomorphological/sedimentological	 markers	 (M1,	 M2,	 M3	 and	M4)	 for	 constraining	 our	
regional	uplift	function;	a	short	description	of	each	of	them	is	provided	below.	These	markers	are	from	the	
foreland	 area	 and	 their	 localities	 are	 shown	 in	 Fig.	 1b	 in	 the	main	 article.	 The	 data	 described	 below	 is	
summarised	in	Table	S2.	
A	 1.65-1.5	Ma	Early	 Pleistocene	 shoreline	 (‘M1’	 in	 Figs	 1b,	 2b)	 is	 continuously	 exposed	 for	 ca.	 100	 km	
along	the	Tyrrhenian	side	of	the	central	Apennines	(D’Agostino	et	al.,	2001;	Mancini	et	al.,	2007).	It	has	an	





the	 last	 interglacial	 (MIS-5e/5.5;	 Ferranti	 et	 al.,	 2006;	 Bordoni	 &	 Valensise,	 1998).	 We	 estimated	 the	
amount	of	total	uplift	and	a	long-term	uplift	rate	for	‘M2’,	(Fig.	2b)	using	the	same	method	as	used	for	‘M1’.	
This	shoreline	is	best	exposed	along	the	Tyrrhenian	coast	(to	the	West	of	the	area	shown	in	Fig.	1b)	where	
it	 has	 an	 elevation	of	 ca.	 7-12	m	at	 its	 southeast	 end	where	 it	 is	 not	 influenced	by	 the	Latium	volcanic	









close	 to	 the	 Adriatic	 coastline	 (‘M4’	 in	 Figs	 1b,	 2b).	 The	 floodplain	 has	 an	 elevation	 of	 25±3 !	that	
suggests	an	average	uplift	rate	of	ca.	0.15	mm	yr-1	over	the	last	ca.	125	kyr	(Ferranti	et	al.,	2006;	Bordoni	&	





Table	 S2	 -	 Data	 from	 four	 geomorphological/sedimentological	markers	 (M1-M4)	 that	we	 used	 to	 estimate	 the	 total	






























































number	 of	 studies	 have	 reconstructed	 the	 pattern	 and	 amplitude	 of	 uplift	 by	 using	 fluvial	 landforms	
(Ascione	et	al.,	2008)	or	by	extrapolating	the	peri-coastal	trends	in	a	landward	direction	(e.g.	Pizzi,	2003).	
D’Agostino	et	al.	 (2001),	on	 the	other	hand,	calculated	 the	 long	wavelength	 topography	that	 is	expected	
from	 dynamic	 (mantle)	 support	 based	 on	 gravity	 data.	 Whilst	 these	 separate	 approaches	 differ	
considerably,	they	all	conclude	that	the	maximum	amplitude	of	uplift	 is	between	800-1000	m.	However,	
the	variable	approaches	show	marked	differences	in	their	spatial	uplift	patterns	and	lack	of	constraints	in	
the	 highest	 and	 central	 portion	 of	 our	model	 domain.	 Consequently,	 we	 looked	 for	 additional	 ways	 to	
constrain	 the	 maximum	 amount	 of	 uplift.	 For	 four	 active	 normal	 faults	 we	 estimated	 the	 amount	 of	





following	an	earthquake,	but	gradually	 increase	over	 time	during	 the	post-seismic	period.	On	geological	
time-scales	uplift	to	subsidence	ratios	of	1:3	or	1:2	or	even	higher	are	observed	(e.g.	Stein	et	al.,	1988;	Bell,	






fault	 plane	 is	 assumed	 to	 be	 equal	 to	 the	 height	 of	 the	 footwall.	 If	 we	 assume	 the	 pre-extensional	
landscape	to	have	been	close	to	sea	level	at	the	time	extension	started	(see	‘Geological	setting’	section	for	
justification	 of	 this	 assumption)	 we	 can	 use	 these	 data	 to	 estimate	 the	 vertical	 movement	 of	 the	 fault	
plane.	Figure	S3-a	explains	our	method,	 illustrated	 for	simplicity,	assuming	an	uplift	 to	subsidence	ratio	
(u/s)	of	1:1.		
	 6	
Figure	 S3-a	 -	 Easiest	 for	 explaining	
our	method	is	to	assume	an	uplift	to	
subsidence	 ratio	 of	 1:1	 (HW	
subsidence	 equals	 FW	 uplift).	 This	
implies	 that	 the	 elevation	 of	 the	
point	 halfway	 up	 the	 fault	 plane	
represents	 the	 elevation	 of	 the	
surface	 at	 the	 time	 of	 the	 onset	 of	
faulting	 in	 the	 absence	 of	 regional	
uplift.	However,	in	case	of	long-term	
regional	 uplift,	 the	 actual	 elevation	




Figure	 S3-b	 –	 Top:	 Regional	 uplift	
function	 plotted	 on	 top	 of	 20	 km	 wide	




uplift	 to	 subsidence	 ratio.	 Bottom:	 The	
cartoon	from	Fig.	S3-a	is	shown	with	the	








throw	estimates	 (expected	 error	<200	m).	 For	 two	of	 them,	namely	 the	Fucino	 and	 Sulmona	 faults,	we	
additionally	know	the	depths	of	their	basins	(Cavinato	et	al.	2002;	Miccadei	et	al.	2002;	see	Table	S3).	For	





uplift	 vary	 between	 ca.	 750	 and	 1100	m	 (Table	 S3,	 Fig.	 S3-b	 and	 Fig.	 2b	 in	 the	main	 article),	 they	 are	
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	 7	
similar	 or	 slightly	 higher	 than	 those	 suggested	 by	 other	 authors	 (e.g.	 Ascione	 et	al.,	 2008;	 Pizzi,	 2003;	
D’Agostino	et	al.,	2001).	From	this	we	conclude	two	things:	i)	we	believe	that	the	similarity	between	our	






Table	 S3	 -	 Data	 used	 for	 regional	 uplift	 reconstructions	 based	 on	 total	 throw	 data.	 Data	 used	 as	 input	 for	 the	
calculations	is	given	in	table	columns	2-6	for	each	of	the	four	faults	defined	in	column	1.	For	two	of	these	faults	(Fucino	
and	Sulmona)	constrains	on	the	depth	of	the	adjacent	hanging-wall	basins	are	used.	For	the	other	two	(Fiamignano	and	


























Fucino	 1800	 850	 650	 -200	 -	 1000	±	184	 1100	± 150	
Sulmona	 1350	 500	 350	 -150	 -	 749	± 184	 863	± 200	
Fiamignano	 1700	 -	 -	 -	 1350	 784	± 117	 925	± 100	











To	 test	 whether	 our	 findings	 regarding	 drainage	 integration	 in	 the	 central	 Apennines	 are	 robust,	 we	
performed	 a	 large	 number	 of	 experiments	 systematically	 varying	 the	 erodibility	 parameters	!!	and	!! .	
Both	!!	and	!!	define	 how	 erosive	 the	 conditions	 are	 (e.g.	 both	 climatic	 and	 lithological	 effects)	 with	
higher	values	for	!! and	lower	values	for	!!	generating	higher	erosion	rates	and	vice	versa.	However,	as	
discussed	 in	 detail	 by	 Cowie	 et	 al.	 (2006), !!	additionally	 controls	 the	 way	 in	 which	 rivers	 respond	 to	
changes	in	base	level,	either	in	a	more	transport-limited	or	in	a	more	detachment-limited	manner	(higher	
!!	values	 produce	 a	 more	 detachment-limited	 response).	 In	 our	 model	 setup	 we	 found	 that	 values	 in	




















In	all	 our	experiments	overspill	 (basin	overfilling	or	 lake	overspill)	 is	 the	dominant	mechanism	driving	
drainage	integration.	The	long-term	trend	of	landscape	evolution	is	shown	in	Fig.	S4-b	where	we	compare	
our	 reference	 model	 (!! = 0.10	and	!! = 50 km)	 with	 our	 most	 erosive	 experiment	 (!! = 0.12	and	
!! = 30 km)	 and	our	most	 resistant	 experiment	 (!! = 0.08	and	!! = 70 km).	These	diagrams	 show	 that	
under	 a	wide	 range	 of	 conditions	 drainage	 integration	 occurs.	 The	 only	 difference	 is	 the	 rate	 at	which	

















Figure	 S4-b	 –	 Temporal	 evolution	 for	 3	 different	
experiments	 (two	 end-members	 and	 our	 reference	
model	 (‘standard	 run’),	 see	 Fig.	 S4-a)	 and	 three	
different	indicators	for	drainage	integration	(endorheic	




An	 important	aspect	of	our	modelling	study	 is	what	happens	 to	 the	water	 in	our	surface	process	model	
CASCADE	 when	 it	 enters	 a	 local	 topographic	 minimum.	We	 tested	 two	 scenarios:	 Endorheic	 drainage,	
where	water	 is	 lost	 to	 the	 system	 after	 it	 reaches	 a	 lake,	 and	 non-endorheic	 drainage	where	 100%	 of	
water	is	conserved	in	the	system	all	the	way	to	the	coast.	Note	that	non-endorheic	drainage	is	assumed	in	
the	original	publication	by	Braun	&	Sambridge	(1997).	We	discuss	the	arguments	for	assuming	that	truly	
endorheic	drainage	occurs	 in	 the	central	Apennines	 in	 the	main	article,	but	one	of	 the	key	arguments	 is	
that	 lakes	do	not	need	an	outlet	but	can	maintain	their	water	balance	through	evaporation	and	perhaps	






























In	our	reference	model	 (!! = 0.10	and	!! = 50 km)	a	steady	state	 is	reached	after	approximately	6	 to	9	
Myr	model	 time.	We	 analysed	 the	 river	 longitudinal	 profile	 concavities	 of	major	 streams	 for	 the	 9	Myr	
model	output.	The	concavity	varies	 in	between	ca.	0.35	and	0.6	 for	 the	 large	rivers	penetrating	 into	 the	
faulted	 domain	 (e.g.	 streams	 A1-A3	 in	 Fig.	 S6)	 which	 corresponds	 well	 with	 the	 concavity	 that	 is	
commonly	observed	 for	 rivers	 in	 steady	 state.	However,	 the	 concavity	 is	 significantly	higher,	namely	 in	
between	ca.	0.7-0.9,	for	those	streams	crossing	the	mountain	flanks	and	foreland	areas	only	(e.g.	streams	
B1-B4	 in	Fig.	S6).	These	high	concavity	values	can	be	explained	by	our	gaussian	regional	uplift	 function	
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and	 our	 asymmetric-uplift	 experiment.	 While	 both	 experiments	 produce	 a	 distinctly	 different	 final	
topography	 and	 drainage	 network,	 the	 overall	 trend	 in	 landscape	 evolution	 is	 similar.	 Both	 experiments	
lead	to	the	progressive	fluvial	integration	of	basins,	however,	the	order	of	integration	and	the	final	drainage	
patterns	 differ.	 Importantly,	 figure	 S7-b	 clearly	 shows	 the	 important	 role	 of	 the	 regional	 uplift	 field	 in	
controlling	 the	 position	 of	 the	main	 drainage	 divide	 between	 the	 Tyrrhenian	 and	 Adriatic	 domains.	 The	




Figure	 S7-a	 –	 Uplift	 functions	 and	 topography	 in	 the	 central	 Apennines.	 The	 asymmetric	
uplift	 function	 (blue	 line)	 is	 plotted	 on	 top	 of	 NE-SW	 topographic	 swath	 across	 the	 central	
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Roberts	&	Michetti,	 2004;	 Cowie	&	Roberts,	 2001;	Whittaker	 et	al.,	 2008)	we	 describe	 here	 briefly	 the	
results	 of	 a	 fault-slip-acceleration	 experiment	 in	which	we	 increased	 fault	 slip	 after	 2	Myr	model	 time.	
Figure	S8-a	shows	how	throw	accumulates	over	 time	 in	both	our	 fault-slip-acceleration	experiment	and	
all	our	other	experiments	(in	which	fault	slip	rate	is	constant).		
Long-term	landscape	evolution	in	our	fault-slip-acceleration	experiment	follows	a	similar	trend	as	in	our	
standard	 series	 of	 experiments,	 i.e.	 a	 similar	 topographic	 development,	 a	 similar	 drainage	 network	
evolution,	a	similar	 long-term	trend	from	internal	to	external	drainage	and	similar	patterns	of	sediment	
dispersal.	However,	the	only	major	impact	of	fault	slip	acceleration	is	that	the	landscape	evolution	trend	
becomes	 temporally	 reversed	 when	 fault	 slip	 rates	 accelerate,	 i.e.	 after	 2	 Myr	 model	 time	 in	 our	
experiment.	 Because	 an	 increase	 of	 fault	 slip	 rates	 abruptly	 increases	 accommodation	 space	 in	 the	






Figure	 S8-a	 –	 Throw	 accumulation	 over	 time	 in	 our	 fault-slip-acceleration	




Figure	 S8-b	 –	 Total	 surface	 area	 occupied	 by	 lakes	 (as	 a	 percentage	 of	 the	 total	model	 domain)	 in	 our	 fault-slip-
acceleration	experiment	 (grey	curve).	 It	 shows	 that	 the	 long-term	trend	of	 lake	disappearance	becomes	 temporally	
reversed	in	response	to	an	increase	of	fault	slip	rates	along	(all)	the	faults	in	our	model.	In	case	of	constant	slip	rates	
these	kind	of	transient	reversals	are	absent	(see	Fig.	5c	in	the	main	article).	However,	this	reversal	trend	is	a	transient	
feature	 (lasting	only	100-200	kyr)	 as	 the	 total-lake-area	 starts	 to	decline	again	 from	2.1	Myr	model	 time	onwards.	
This	 is	 because	 the	 increase	 in	 fault	 slip	 rates	 causes	 an	 abrupt	 increase	 in	 the	 rate	 at	which	 fault-related	 relief	 is	
produced	 (reflected	 by	 the	mean	 and	maximum	 topography	 curves	 in	 the	 diagram),	which	 leads	 to	 an	 increase	 in	







above	 the	 river	 thalweg	 and	 which	 seem	 to	 relate	 at	 least	 partly	 to	 the	 step-wise	 integration	 of	 the	





elevations	 were	 estimated	 using	 the	 approach	 illustrated	 in	 figure	 A.1	 -	 we	 attempted	 to	 use	 only	
depositional	 terraces	whose	 elevation	 relative	 to	 the	Aterno	River	was	 not	 expected	 to	 be	 significantly	
affected	by	normal	faulting.	In	figure	A.2	we	show	the	locality	of	the	terrace	remnants	that	we	focussed	on	
and	we	shortly	describe	their	age,	sedimentological	characteristics	and	top	elevation	below.	
Fig.	 A.1.	Cartoon	showing	our	approach	of	 selecting	 the	area	surrounding	 the	Aterno	River	 that	 is	 the	 least	affected	by	normal	 fault	





we	 identified	 the	 position	 of	 the	 ‘endorheic-exorheic’	 contact	 that	 is	 located	 in	 between	 the	 endorheic	
(lacustrine/palustrine/deltaic)	 unit	 and	 the	 first	 fluvial	 sedimentary	 unit	 formed	 after	 drainage	
integration.	Because	drainage	integration	is	generally	followed	by	fluvial	incision,	the	endorheic-exorheic	








the	 active	 (Holocene)	 plain	 of	 the	 Aterno	 River	 at	 ca.	 815	m	 elevation	 (Fig.	 A.1-A).	 This	 alluvial	 plain	
consists	primarily	of	 floodplain	clay	and	silt	and	extends	across	most	of	the	basin	(Chiarini	et	al.,	2014).	
Large	alluvial	 fan	systems	of	Early	to	Late	Pleistocene	age	are	 identified	along	the	footwalls	of	 the	main	
basin	 bounding	 faults	 and	 extend	 into	 the	 subsurface	 beneath	 the	 active	 plain	 (Chiarini	 et	 al.,	 2014).	
Chiarini	 et	 al.,	 (2014)	 reconstructed	 a	 long-term	 Pleistocene	 trend	 of	 progressive	 incision	 for	 the	MTR	
basin	based	on	relict	surfaces	carved	into	the	bedrock	surrounding	the	active	MTR	plain,	what	may	imply	
that	 200-300	m	of	Pleistocene	 sediment	has	been	 removed	 from	 the	MTR	basin.	However,	 because	 the	
character	 (depositional	 or	 erosional),	 origin	 and	 age	 of	 these	 relict	 surfaces	 are	 poorly	 constrained	we	
used	815	m	as	the	upper	limit	of	the	sedimentary	infill	in	figure	4A	in	the	main	article.	
Barete-Pizzoli	basin	(BPZ)	–	Pronounced	terrace	morphology	borders	the	active	floodplain	of	the	Aterno	





the	 central	 part	 of	 the	 basin,	 i.e.	 in	 the	 area	 between	 the	 fluvial	 terraces	marked	 in	 figure	A.2-B,	 basin	
subsidence	rates	are	highest	and	here	 the	 terraces	surrounding	 the	Aterno	River	have	 lower	elevations	
and	are	expected	to	be	not	older	than	Late	Pleistocene-Holocene.	Overall,	it	is	important	to	note	that	the	
upper	 limit	 of	 the	 sedimentary	 infill	 in	 the	 BPZ	 as	 shown	 in	 Fig.	 4A	 in	 the	 main	 article	 is	 poorly	
constrained	and	should	only	be	looked	upon	as	a	first	order	approximation.		
L’Aquila-Scoppito-Bazzano	 basin	 (ASB)	 –	 In	 the	 ASB	 basin	 upstream	 of	 L’Aquila	 we	 identified	 2	
depositional	terrace	surfaces	that	together	comprise	the	highest	terrace	level	in	this	area	(at	ca.	650-670	
m	 elevation;	 Fig.	 A.2-B).	 Both	 terrace	 remnants	 consist	 of	 fluvial	 gravels	 and	 overbank	 silts	 (called	 the	
Fosso	Vetoio	Synthem	 according	 to	Nocentini	 et	 al.,	 2017)	which	were	 deposited	most	 likely	 during	 the	
very	early	part	of	the	Late	Pleistocene	and	partly	overly	late	Middle	Pleistocene	rock	avalanche	deposits	in	




ca.	 625	m	 elevation	 along	 the	 basin	margin	 (Fig.	 A.2-B).	 These	 terraces	 are	made	 of	 Early	 Pleistocene	
lacustrine	sediment	belonging	to	the	Madonna	della	Strada	Synthem	according	to	Nocentini	et	al.	(2017).	








synthem	 according	 to	 Nocentini	 et	 al.,	 2017)	 in	 the	 upstream	 part	 of	 the	 ASB	 basin.	 As	 soon	 as	






floodplain	of	 the	Aterno	River.	 In	 the	area	downstream	of	 San	Demetrio	we	expect	 some	of	 the	 terrace	




all	 to	 be	 associated	with	 drainage	 integration,	 their	 top	 elevation	 varies	 considerably	 along	 the	 Aterno	
River,	 i.e.	 between	 ca.	 550	 and	 600	 m.	 We	 can	 explain	 this	 variability	 by	 spatial	 differences	 in	 the	
thickness	of	alluvial	fan	and	mass-wasting	deposits	and	by	spatial	differences	in	fault	activity.	Even	though	
we	marked	quite	extensive	 terrace	 surfaces	 in	Fig.	A.2-D,	we	primarily	estimated	 the	elevation	of	 these	
terraces	based	on	the	elevation	of	the	break	in	slope	along	the	terrace	edges	(closest	to	the	Aterno	River).	
Sulmona	 basin	 (SUL)	 –	 The	 highest	 fluvial	 terrace	 in	 the	 SUL	 basin	 is	 the	 so-called	 ‘Terraza	 Alta	 di	
Sulmona’.	 In	 the	 central	 part	 of	 the	 basin,	 i.e.,	 furthest	 away	 from	 alluvial	 fan	 systems	 along	 the	 basin	
margins,	this	terrace	has	a	top	elevation	of	the	order	of	ca.	400	m	(Fig.	A.2-D;	cross-section	G	in	Fig.	7	in	








For	 the	 Early(-to-Middle)	 Pleistocene	 lacustrine	 units	 from	 the	 L’Aquila-Scoppito-Bazzano	 (ASB),	
Paganica-San	Demetrio	 (PSD),	Lower	Aterno-Subequana	 (LAS)	and	Sulmona	 (SUL)	basins	we	calculated	
long-term	average	sedimentation	rates	based	on	the	thickness	of	these	units	and	constraints	on	the	time	
period	during	which	they	were	formed	(see	table	below).	Thereby	we	assumed	lacustrine	sedimentation	












































Santo	 et	 al.,	 2014;	
























this	 convex	 reach	 we	 calculated	 how	 fast	 its	 upper	 limit	 (what	 we	 call	 the	 knickpoint)	 has	 been	
propagating	upstream	since	drainage	integration	occurred.	Assuming	that	the	knickpoint	has	an	elevation	




!! = !!!		 	 	 	 	 	 	 	 	 	 Eq.	D-1	
By	assuming	a	unit	stream	power	model,	 this	equation	provides	a	normalised	knickpoint	migration	rate	
parameter	!!	of	1.4-1.7∙ !"!!	yr-1.	 Hereby	A	 is	 the	 drainage	 area	 upstream	 of	 the	 knickpoint,	which	 is	
850-950	km2,	depending	on	whether	we	assume	a	knickpoint	elevation	of	550	or	575	m.	We	extracted	A	
from	the	DEM-derived	drainage	network	(shown	in	Fig.	4B	in	the	main	article).	
Then,	we	used	 this	normalised	knickpoint	migration	parameter	 to	estimate	 the	 total	 time	!! 	it	 takes	 for	
this	 knickpoint	 to	 reach	 the	 headwaters	 of	 the	 Aterno	 River.	 Therefore	 we	 calculated	 the	 knickpoint	




!! ! =  !! ∙ !! 	 	 	 	 	 	 	 	 	 Eq.	D-2	
For	each	small	increment	in	distance	upstream	of	the	knickpoint	we	calculated	how	much	time	it	takes	for	
the	knickpoint	to	propagate	across	this	distance	!"! .	By	summing	all	these	short	time	intervals	for	the	full	
length	 of	 the	 river	 upstream	 of	 the	 knickpoint	 L	 we	 retrieved	 the	 total	 time	 period	 it	 takes	 for	 the	
knickpoint	to	reach	the	headwaters	of	the	river.	
!! = !"!!! !
!














Reference	density	(at	T	=	0°!)	 !	 2800	!" ∙!!!	
Power	law	exponent	 n	 4.0	
Activation	energy	 Q	 222.815 ∙ 10! ! ∙!"#!!	
Activation	volume	 V	 3.1 ∙ 10!! !! ∙!"#!!	
Pre-exponential	scaling	factor	 A	 8.574 ∙ 10!!" !"!! ∙ !!!	
Crustal	scaling	factor		 !! 	 1	
Heat	capacity	 !! 	 803.5	
Thermal	conductivity	 k	 2.25 ∙ 10!! !! ∙ !!!	
Heat	productivity	 H	 0.846 ∙ 10!! ! ∙!!!	
	
Rheological	parameters	Wet	Olivine	(Karato	and	Wu,	1993)	–	Mantle	lithosphere,	weak	mantle	lithosphere,	sub-lithospheric	mantle	
Reference	density	(at	T	=	0°!)	 !	 3300	!" ∙!!!	
Power	law	exponent	 n	 3.0	
Activation	energy	 Q	 429.83 ∙ 10! ! ∙!"#!!	
Activation	volume	 V	 15 ∙ 10!! !! ∙!"#!!	
Pre-exponential	scaling	factor	 A	 1.393 ∙ 10!!" !"!! ∙ !!!	
Mantle	lithosphere	scaling	factor		 !!" 	 5	
Sublithospheric	mantle	scaling	factor		 !!"# 	 1	
Weak	mantle	lithosphere	scaling	factor		 !!"# 	 0.02	
Heat	capacity	 !! 	 681.82	





Cohesion	 C	 20 ∙ 10! !"	

















We	used	 the	Lagrangian	 grid	 output	 from	our	models	 to	 estimate	 the	 amount	 of	 extension	 across	 each	
fault	zone	at	approximately	600	m	below	the	surface	(see	Fig.	A-1).	For	every	2000	year	of	model	output,	
we	 track	 the	 distance	 between	 two	 grid	 points	 located	 in	 either	 the	 hanging-	 or	 footwall	 of	 each	 fault.	
While	the	fault	zones	are	only	1.5	km	wide,	we	took	grid	points	at	initially	6	km	distance	from	one	another	
to	 be	 certain	 that	 all	 the	 deformation	 related	 to	 fault	 activity	 was	 included.	 Figure	 A-1	 shows	 the	
deformation	 of	 the	 Lagrangian	 grid	 for	 one	 of	 our	 thermo-mechanical	 models	 with	 symmetric	 fault	
geometry	(TM-2;	see	Appendix	B).	As	examples,	we	also	zoom-in	to	two	faults	(faults	2	and	6)	with	very	
different	 amounts	 of	 deformation,	 showing	 the	 two	 grid	 points	 for	which	we	 tracked	 their	 coordinates	
through	time.		
We	used	 the	vertical	 coordinates	of	 the	 same	Lagrangian	grid	points	as	metrics	 for	 the	elevation	of	 the	
hanging-	 and	 footwalls	 of	 each	 fault.	 Because	 the	 elevation	 of	 these	 grid	 points	 is	 not	 only	 affected	 by	








We	 calculated	 the	 isostatically	 compensated	 topography	 of	 our	 reference	 model	 as	 follows.	 First	 we	
integrated	the	density	 field	down	to	the	base	of	the	mantle	 lithosphere,	 i.e.,	down	to	125	km	depth,	and	
subtracted	the	weight	of	each	column	from	the	weight	of	a	reference	column	(we	took	a	column	at	40	km	
distance	from	model	boundaries)	 in	order	to	get	 the	 ‘residual	mass’.	Assuming	that	 the	residual	mass	 is	















the	Fourier	 transform	 for	each	 time	series.	For	 instance,	 for	all	 the	extension	rate	 time	series	 shown	 in	
figure	6a	in	the	main	article,	we	calculated	the	Fourier	transform	and	plotted	the	power	spectra	as	shown	














































































code	 to	 test	 three	different	 types	 of	models	 (see	 Fig.	 B-1).	 In	most	 of	 our	 experiments	we	 convectively	
removed	mantle	lithosphere	and	solved	both	for	mechanics	and	temperature	(Thermo-Mechanical	models	
TM1	 –	 TM10;	 see	 Fig.	 B-1	 and	Table	 B-1).	 In	 these	 experiments,	mantle	 lithosphere	 removal	 produced	
regional	uplift	and	strong	localisation	of	extension	within	a	narrow	zone	in	the	model	centre.	In	order	to	
evaluate	 the	 role	 of	mantle	 convection,	 temperature	 effects	 and	 the	 non-linear	 viscous	model,	 we	 also	



















TM-1	 Reference	(TM-)	model	 3	 60	west-dipping	faults	 	
TM-2	 Symmetric	fault	geometry	 3	 60	faults,	but	E	or	W-dipping	
towards	model	centre	
	
TM-3	 Low	far-field	extension	rate	 1.5	 60	west-dipping	faults	 	
TM-4	 High	far-field	extension	rate	 6	 60	west-dipping	faults	 	




TM-6	 Stronger	faults	 3	 60	west-dipping	faults	 Fault	zone	friction	angle	7°	instead	of	2°	
TM-7	 1	fault	 3	 One	west-dipping	fault	 	
TM-8	 2	faults	–	asymmetric	 3	 Two	west-dipping	faults	 	
TM-9	 2	faults	–	symmetric	 3	 Two	 faults,	 dipping	 towards	
model	centre	
	





M-2	 6	faults,	weak	lower	crust	 3	 6	west-dipping	faults	 LC	viscosity	10^19	







3	 6	 faults	 dipping	 towards	
model	centre	
LC	viscosity	10^20	
C-3	 6	faults,	weak	lower	crust	 3	 6	west-dipping	faults	 LC	viscosity	10^19	
C-4	 2	faults,	strong	lower	crust	 3	 2	west-dipping	faults	 LC	viscosity	10^20	
C-5	 2	faults,	weak	lower	crust	 3	 2	west-dipping	faults	 LC	viscosity	10^19	
C-6	 2	faults,	weak	lower	crust,	
symmetric	
3	 2	 faults	 dipping	 towards	
model	centre	
LC	viscosity	10^19	












from	 this	model	 are	 in	 detail	 discussed	 in	 the	main	 article	 text	 (see	 Figs.	 2-6,	 7a,	 8,	 10a-b	 in	 the	main	
article).	 In	 figure	C-1	below	we	show	the	 long-wavelength	topography	that	we	calculated	by	means	of	a	







Isostatically	 compensated	 topography	 -	 Because	 of	 the	 rapid	 removal	 of	 mantle	 lithosphere,	 the	 actual	
topography	 is	 lower	 than	 the	 isostatically	 compensated	 topography	 during	 early	 stages	 of	 the	
experiments	 (Fig.	 C-2).	 Around	 ca.	 0.5	 Myr,	 the	 first	 footwall	 crests	 get	 above	 the	 isostatically	
compensated	 topography	 (Fig.	 C-2a).	 At	 later	 stages,	 most	 of	 the	 footwalls	 are	 reaching	 above	 the	
isostatically	compensated	topography,	while	the	hanging	walls	remain	below	it	(Fig.	C-2b).		
	








































Fault	plane	elevation	 –	We	calculated	 the	elevation	of	our	 fault	planes	with	 time	using	 the	elevations	of	













Experiments	TM-2,	 -7,	 -8,	 and	 -9,	 are	 similar	 to	 reference	model	TM-1	except	 from	 the	geometry	of	 the	
pre-defined	 faults	 zones.	Model	TM-2	also	has	 faults	 across	 the	 full	width	of	 the	model,	however,	has	a	
symmetric	fault	geometry	with	all	faults	dipping	towards	the	model	centre.	Similar	as	in	model	TM-1,	only	
the	6	central	most	faults	become	activated	due	to	weakening	and	thinning	of	the	lithosphere	in	the	model	
centre.	 In	 experiment	 TM-7	 we	 only	 pre-defined	 one	 single	 west-dipping	 fault	 in	 order	 to	 investigate	
whether	 its	 extension	 rate	 also	 reveals	 temporal	 variability	 as	we	 observe	 is	most	 of	 our	 experiments.	







In	 order	 to	 investigate	 the	 sensitivity	 of	 our	 pattern	 of	 fault	 activity	 to	 the	 exact	 position	 of	 our	 pre-







In	 this	 model	 we	 used	 an	 internal	 friction	 angle	 of	 7°	 instead	 of	 2°	 for	 our	 fault	 zone	 material.	 This	
increases	the	strength	of	the	fault	zones	relative	to	the	surrounding	crust.		
No	far-field	extension	–	TM-10	
We	 performed	 a	 ‘zero-far-field-extension’	 experiment	 that	 has	 a	 similar	 setup	 as	 our	 reference	 model	








































































































































































TM-8 - west 71%
Faults



































































































































































do	 not	 have	 weak	 mantle	 lithosphere	 material	 getting	 convectively	 removed,	 we	 have	 asthenosphere	
material	 in	 the	 lithospheric	 gap	 from	 the	 start.	 Because	we	 reduced	 the	 density	 of	 this	 asthenosphere	
material	to	3250	(instead	of	3300	kg/m3),	we	still	create	a	mantle	buoyancy	effect	and	regional	uplift.	In	
these	models	 there	 is	 no	 temperature-dependency,	 the	 upper	 crust	 has	 a	 rigid	 plastic	 rheology	 (Mohr-
Coulomb	yield	criterion)	and	the	lower	crust,	mantle	 lithosphere	and	asthenosphere	have	linear	viscous	
rheology	(Newtonian).			
As	 illustrated	 in	 figure	 D-1	 below,	 regional	 uplift	 occurs	 very	 fast	 (already	 during	 the	 first	 100	 kyr),	
followed	by	a	gradual	decrease	in	mean	elevation	due	to	extensional	faulting	(see	figures	from	M-1	and	M-
2).	 Because	 we	 do	 not	 temperature	 effects	 in	 these	 models,	 the	 degree	 of	 strain	 localisation	 is	 less	
compared	 to	model	TM-1	so	many	more	 faults	become	activated	 in	model	M-1.	To	allow	comparison	of	
fault	dynamics	with	the	thermo-mechanical	models	we	therefore	also	performed	mechanical	experiments	







faults,	 their	 dip	 direction	 and	 the	 strength	 of	 the	 lower	 crust.	Models	 C-1	 and	 C-2	 both	 have	 a	 relative	
strong	 lower	crust	 (! =1020)	and	6	pre-defined	 fault	 zones,	 either	dipping	 towards	 the	west	 (in	 case	of	
model	 C-1)	 or	 dipping	 towards	 the	 model	 centre	 (in	 case	 of	 model	 C-2).	 Model	 C-3	 has	 a	 similar	
asymmetric	fault	geometry	as	model	C-1	but	now	with	a	relative	weak	lower	crust	(! =1019).	
Crustal-scale	mechanical	models	with	2	faults	–	C-4,	-5,	-6,	-7	
Model	 C-4	 and	C-5	 are	 both	 characterised	 by	 two	west-dipping	 faults.	 In	model	 C-4	we	 used	 a	 relative	
















































































































































































C-5 - west 78%
Faults
C-6 - west 39%
Faults



















































































































































































layered	crustal-scale	mechanical	model	with	a	 linear	viscous	 lower	crustal	 layer	and	only	2	pre-defined	
west-dipping	 faults	 (Fig.	E-1a;	Model	C-5	 in	Appendix	B	and	D).	We	used	 this	model	with	relative	weak	
lower	 crust	 (! = 10!")	 because	 the	 amplitude	 of	 the	 variability	 in	 the	 fault	 extension	 rates	 is	 very	
pronounced	in	this	model	(Fig.	E-1b).			
	









western	 (W)	and	eastern	 (E)	 faults	are	provided	above	 the	 figures.	Bottom	panels:	Extension	 rates	plotted	against	 rate	of	 change	 in	
hanging	wall	(bottom	left	panel)	and	footwall	elevations	(bottom	right	panel)	for	both	the	western	(red)	and	eastern	(blue)	faults	from	
model	 C-5.	 R2	for	 the	western	 (W)	 and	 eastern	 (E)	 faults	 are	 provided	 above	 the	 figures,	 showing	 a	 reasonable	 correlation	 between	
extension	rate	and	rate	of	change	in	hanging	wall	elevation	for	the	eastern	fault	(R2	=	-0.69;	bottom	left	panel)	and	a	strong	correlation	
between	extension	rate	and	rate	of	change	in	footwall	elevation	for	the	western	fault	(R2	=	0.88;	bottom	right	panel).	



























W r2  = 0.15175, E r2  = 0.046412






























W r2  = 0.49156, E r2  = -0.4505


































W R2  = -0.51617E R2  = -0.69077































W r2  = 0.88491, E r2  = 0.38052
	 24	
Internal	energy	dissipation	for	different	parts	of	 the	 lower	and	upper	crust	and	the	gravitational	rate	of	
work	were	 calculated	 following	 a	 similar	 approach	 as	 Huismans	 et	 al.	 (2005)	 and	 Buiter	 et	 al.	 (2008).	
According	to	Buiter	et	al.	(2008),	the	mechanical	energy	balance	in	the	systems	that	we	model	is	defined	
as:	










(lower-crustal)	 domain	 (Fig.	 E-3).	 Important	 to	 note	 is	 that	 the	 distal	 plastic	 and	 viscous	 domains	
(Pw_dist,	Pe_dist,	Vw,	Ve;	see	Fig.	E-3)	extend	all	the	way	to	the	left	or	right	model	boundaries,	while	the	
proximal	plastic	domains	only	extend	up	 to	~15	km	from	the	most	western	or	eastern	 faults	 (Pw_prox,	




















higher	 long-term	 average	 extension	 rate	 than	 the	 eastern	 fault	 (Fig.	 E-1b).	 The	 extension	 rates	 of	 the	






figures	 show	 that	 the	 amount	 of	 gravitational	work	 (Fig.	 E-4c)	 is	 greater	 than	 the	 amounts	 of	 internal	
energy	dissipation	in	the	different	domains	by	one	or	two	orders	of	magnitude	(Fig.	E-4d-g).	However,	no	
correlation	 exists	 between	 the	 fault	 extension	 rates	 and	 the	 rate	 of	 gravitational	 work,	 also	 not	 with	
internal	dissipation	in	any	of	the	other	domains	(Fig.	E-5).		
In	the	main	article	we	argue	that	the	tendency	of	 the	west	 located	fault(s)	to	dominate	 in	terms	of	 fault	
activity	 is	because	 it	 takes	more	energy	to	bend	the	eastern	plate	than	the	western	plate.	 If	we	sum	the	
internal	 dissipation	 rates	 of	 the	 proximal	 and	 distal	 domains	 of	 each	 plate	 for	 this	 simple	 crustal-scale	





uplift.	 An	 even	 stronger	 east-west	 asymmetry	 in	 our	 thermo-mechanical	 experiments	 during	 the	 early	
stage	of	rapid	regional	uplift	(e.g.	see	Fig.	5b	in	the	main	article)	can	be	explained	by	the	fact	that	bending	
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